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ABSTRACT 

A bend test for comparing the welding quality of steels is described in this 
paper. Specimens of fillet-welded T-sections of a number of low-alloy high- 
tensile steels were bent in special testing jigs at room temperature and at tem- 
peratures as low as —20° F. Several criteria, such as maximum load, angle at 
maximum load, type and location of fractures, were used to compare the speci- 
mens. A special method of statistical analysis, which is described in detail in the 
paper, was used to evaluate the data and to compare and rate the welding quality 
of the steels. 
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I. INTRODUCTION 

In recent years there has been a marked increase in the use of 
welded in place of riveted construction, particularly for the fabrication 
of ships. This change involved more than a simple substitution of 
one method for another. The design for riveted construction is not 
necessarily equally suitable for welding, and the most effective 
use of material in welded construction is obtained only when the re- 
quirements for this method are well understood and provided for 
in the design. 

♦Bureau of Ships, Navy Department. 

1 
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Furthermore, all steels or other constructional metals are not 
equally well adapted to joining by welding. There is no "best" steel 
for welding nor a "best" welding method or technique, but a best 
combination of these interrelated factors can be determined for any 
metal that is weldable. In selecting the metal best adapted to the 
strength requirements of the design and utility of a structure to be 
assembled by welding, the welding quality of the metal, within the 
limitations imposed by the practicability of the welding method, 
is of prime importance. 

With proper attention to design and welding technique, little 
difficulty need be encountered in welding medium steel by fusion 
processes. 

In 1933, the Bureau of Construction and Kepair (now a part of the 
Bureau of Ships) of the Navy Department and the National Bureau 
of Standards started a cooperative investigation of the welding quality 
of steels considered suitable for naval construction. Particular 
attention was to be given to "high tensile" low-alloy steels, of which 
numerous varieties and types have since been announced by manu- 
facturers. 1 2 3 4 5 A further requirement was that strong ductile 
joints should be obtained by the electric-arc welding process with 
low-carbon steel, Navy Grade EA electrodes, and without preheating 
or postheating. 

The strength properties of welded joints can readily be determined 
by well-established methods. The relationships between "ductility" 
in a welded joint and the welding quality of the steel were not clearly 
defined, and methods for making the mechanical tests of a specimen 
from a welded joint to evaluate ductility were not well established. 
It was considered, however, that some form of bend test would be the 
most nearly suitable for this purpose. 

It is generally agreed that ability to bend in the plastic-deformation 
range is evidence of ductility in a metal, whether in a weld or in an 
otherwise fabricated form. The full ductility of a metal may not be 
realized in a bend test of a specimen because of local stress conditions 
peculiar to the geometrical shape of the specimen. Free bends and 
guided bends in jigs have been used widely for face, root, or side 
bends of butt-welded joints. Often the faces of the welds are machined 
for these types of test. 

For the purpose of this investigation, it was decided that the most 
informative results would be obtained from a guided bend test, in a 
jig, of a double-fillet T-welded specimen, without removing any 
metal from the face of the welds. Justification for this decision was 
had in the fact that this type of joint is one of the most widely used 
in ship-hull construction, and furthermore, the ability of the specimen 
to withstand bending distortion in the welded areas, without rupture, 
is an indication that such a joint can absorb a proportionate share of 
the distortion of the structure as a whole. 

Ability to withstand severe distortions without premature or brittle- 
type ruptures, particularly in the joints, is a highly desirable, in fact 
a necessary, feature in ship-hull structures. It is not to be expected, 

* H. W. Gillett, Trends in the metallurgy of low-alloy, high-strength structural steels, Role of Metals in New 
Transportation Symposium, Metals Tech. 3, 40 (1936). 

* Edwin F. Cone, Carbon and low-alloy steels, Symposium on High Strength Constructional Metals, p. 1 
(Am. Soc. Testing Materials, Philadelphia, Pa.). 

3 Low-alloy, high strength structural steels— An extended abstract, Metals & Alloys 7, 77 (1936). 

4 The present status of the low-alloy, high-strength steels— A survey, Metals & Alloys 9, 243 (1938). 

* The present status of the low-alloy, high-strength steels— A survey, Metals & Alloys 13, 273 (1941). 
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however, that the maximum angle of bend, or any other numerical 
value obtained from a bend test on a welded joint, is a direct measure 
of the amount of distortion the joint can withstand in the assembled 
structure. These values were used in this investigation as a means 
of comparison, on a common basis, of the welding qualities of a 
number of structural steels, as shown by certain properties related 
to the service requirements of the welds. 

This paper describes the steels and preparation of the welded 
specimens and the procedure for making the bend tests, and describes 
and discusses the methods for evaluating the welding quality of the 
steels from the results of the bend tests and other metallurgical and 
mechanical properties of the welds and of the steels themselves. 

II. MATERIALS 

The steels to be tested included several medium- and low-alloy 
"high tensile ,, steels available at that time. The following tensile 
properties Were desired for the steels: 

Yield point, minimum 50,000 lb/in. 2 

Tensile strength, minimum 70,000 lb/in. 2 

Elongation in 8 in., minimum 20 percent. 

Each steel was to be secured in three thicknesses of plates, %, % and 
% in., and was to be welded in the as-rolled condition and after 
normalizing at 1,650° F. for 1 hour. It was also desired that all of the 
plates of each steel should be rolled from the same heat. 

The chemical compositions of the steels are given in table 1 . 





Table 1.— 


-Chemical co 


viposition of the steels a 








Steel 


Thick- 
ness 


Percentage of — 




In. 

I % 

f H 
1 H 


C 


Mn 


P 


s 


Si 


Ni 


Cr 


V 


Mo 


Cu 




0.14 

.14 
.14 

.20 
.20 
.19 


0.46 
.46 

.46 

.69 
.70 
.68 


0.014 
.013 
.015 

.019 
.022 
.020 


0.025 
.024 
.025 

.036 
.036 
.034 


0.18 
.17 

.17 

.18 
.17 
.18 










0.23 


138 . 










.22 












.23 












.20 


139 










.20 












.23 




( H 
H 

I H 

[ X 

1 H 

[ X 

Yz 

\ U 

\ H 
1 H 

I k 
( K 

H 

% 


.26 
.26 
.26 

.17 
.20 
.20 

.14 
.14 
.14 

.18 
.17 

.17 

.10 
.08 
.17 

.10 
.09 
.10 


.66 
.67 
.66 

.44 
.70 
.70 

.61 
.62 
.61 

.99 
1.25 
1.25 

.75 
.76 
.83 

.44 
.42 
.38 


.014 
.015 
.013 

.019 
.017 
.017 

.011 
.012 
.011 

.017 
.033 
.031 

.011 
.011 
.021 

.012 
.014 
.015 


.030 
.031 
.030 

.030 
.032 
.032 

.035 
.035 
.035 

.030 
.028 
.027 

.027 
.028 
.030 

.023 
.019 
.019 


.17 
.17 
.17 

.13 
.19 
.19 

.19 
.19 
.19 

.17 
.21 
.21 

.17 
.15 
.24 

.16 
.17 
.16 










.22 


140 










.23 












.24 




0.07 
.08 
.08 

1.28 
1.30 
1.28 






0.09 
.09 
.09 

.46 
.44 
.44 


.16 


141 






.19 








.19 


143 


0.06 
.06 
.06 

.05 


0.09 
.09 

.09 

.07 
.12 
.12 


.04 
.04 


144 


04 

.16 
.15 




.26 
.27 
.09 

1.92 
1.94 
1.90 





.15 
.11 


145 .___ 






.10 








.12 








1.06 


146 








1.00 










1.01 



1 The chemical analyses were made at the Material Laboratory, Naval Gun Factory, Washington, D. C. 
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Table 1. — Chemical composition of the steels — Continued 



Steel 



Thick- 
ness 



Percentage of — 



.147. 
148. 
149. 
150_ 
157. 

161. 

163. 
166. 
168. 

201. 



In. 

X 
H 

X 

X 



>X 



0.11 
.14 
.14 



Mn 



0.57 
.57 
.57 

.76 
.75 
.76 

.66 
.56 
.56 

.59 



.96 

.45 
.45 

.47 

.72 
.70 

.59 

.62 
.60 



.66 
.70 
.67 



0.015 
.014 
.014 

.106 
.097 
.101 

.126 

.112 
.109 

.014 
.014 
.014 

.015 
.016 
.015 

.082 
.079 
.090 

.011 
.011 

.012 

.012 
.011 



.027 
.019 
.020 
.019 



0.023 
.025 
.024 

.026 
.024 
.029 

.023 
.023 
.023 

.026 
.026 
.044 

.026 

.027 
.028 

.013 
.015 
.016 

.021 
.021 



.024 
.023 



.023 
.023 
.020 
.027 



0.15 
.14 
.15 

.02 
.06 
.06 

.16 
.17 

.17 

.16 

.18 
.18 

.21 
.21 
.22 

.02 
.01 
.01 

.01 
.01 

.003 

.02 
.02 



.73 

.77 
.84 
.87 



Ni 



2.03 
1.99 
1.95 



0.71 
.72 



.60 
.59 
.60 

2.32 

1.90 
2.04 

.06 
.06 
.07 

1.82 
1.87 
1.90 

1.30 
1.30 



1.37 
1.36 



0.10 
.10 
.07 
.14 



0.02 
.02 
.02 



0.09 
.09 
.09 



Mo 



0.11 
.10 
.11 



.12 
.10 

.07 

.10 
.10 
.10 



.12 
.12 



.11 

.09 



Zr 



Cu 



1.08 
1.02 
1.08 

1.74 
1.63 
1.76 

1.00 
1.04 
1.16 

0.13 
.14 
.14 

.10 
.18 
.10 

.56 
.58 
.54 

1.58 
1.50 



1.08 
1.03 



0.19 
.20 
.09 
.25 



b Plates as rolled 
Plates normalized. 



The different thicknesses of steels 141, 144, 145, 148, 149, 150, and 
201 were definitely rolled from different heats. The different thick- 
nesses of the remaining steels were probably rolled from single heats. 

Tensile properties of the steels are given in table 2. 



Table 2. — Tensile properties 


of the steels a 








Thick- 
ness 


Yield point b 


Tensile strength 


Elongation (8 in.) 


Steel 


As rolled 


Normal- 
ized 


As rolled 


Normal- 
ized 


As-rolled 


Normal- 
ized 


138 


in. 
( X 

1 X 

1 H 

I X 

( H 

1 X 

\ X 

1 y * 

X 


Ibfto.* 

41, 700 
40, 800 
37, 700 

52, 800 
52, 800 
44, 800 

52, 200 
47, 500 
47, 700 

46, 800 
51, 500 
46, 800 


lb/in* 
37, 600 
36, 100 
42, 600 

46, 800 
46, 600 
45, 400 

43, 400 
41, 400 
42, 600 

37, 900 
48, 100 
46, 400 


lb/in .2 
62, 400 
61, 100 
61, 300 

73, 600 
73, 700 

72, 100 

78, 800 

73, 700 

74, 900 

65, 900 
73, 000 
73, 600 


lb/in. 2 
59,900 
57, 900 
60, 300 

66, 600 
67, 800 
67, 200 

74, 400 
70, 400 
71, 400 

60, 100 
68, 800 
70, 100 


Percent 
32.5 
34.7 
33.8 

28.3 
23.3 
35.0 

29.5 
26.2 


Percent 
34.1 
36.7 


139 


37.0 

25.0 
32.4 


140 


30.5 

46.2 
30.3 




32.5 


141 


27.8 
25.0 
28.4 


27.8 
26.8 




29.3 



» Tensile-property tests were made at the Physical Laboratory, Model Basin, Washington, D. C. 
b Yield point was determined by "drop of the beam" of the testing machine. 
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Table 2. — Tensile properties of the steels — Continued 



Steel 



Thick- 
ness 



Yield point 



As rolled 



Normal- 
ized 



Tensile strength 



As rolled 



Normal- 
ized 



Elongation (8 in.) 



As rolled 



Normal- 
ized 



143. 
144. 
145. 
140. 
147. 
148. 
149. 
150. 
157. 

1G1. 

163. 
166. 
168. 

201. 



lb/in* 
65, 700 
61, 800 
58, 300 

64, 200 
64, 000 
60, 100 



43, 500 
50, 900 

59, 000 
53,300 

49, 200 

59, 900 
53, 900 
49, 700 



57, 800 
54, 500 

69, 700 

58, 300 
54, 700 

62, 600 
51, 100 
47, 300 

75, 600 
01, 700 



55, 500 
66, 200 
62, 600 

74, 700 
60, 900 

50, 800 



60, 000 



55, 400 
51, 200 



lb/in* 

45, 200 
45, 800 
47, 300 

49, 000 



35, 200 
40, 200 
44, 000 

57, 700 

.•-,-,, 900 
50, 400 

60, 200 

58, 400 

57, 600 

59, 900 
53,800 

61, 900 

58, 600 
57, 000 
53, 300 

51,400 

47, 700 

48, 200 

57, 800 
47, 000 
46, 600 



63, 600 
41,800 



48, 000 

51, 300 
54, 300 



lb/in* 

80, 200 
79, 000 

76, 600 

85, 900 
82, 700 
84, 400 

81, 000 
65, 600 

79, 700 

71, 100 

68, 300 
67, 000 

75, 300 
72, 900 

71, 600 

81, 400 
81,000 

82, 700 

69, 700 

72, 000 

70, 300 

75, 100 

71, 200 

72, 400 

90, 000 
81, 800 

80, 000 

72, 400 
71,000 
70, 200 

86, 300 
78, 600 

68, 600 

70, 400 

73, 600 

77, 800 
78, 100 



lb/in.' 2 

62, 700 

63, 600 
65, 000 

71, 100 



60, 000 

66, 400 
75, 000 

68, 500 

67, 700 
66, 100 

73, 600 
72, 500 

72, 300 

80, 500 
77, 200 
79, 600 

73, 200 
71, 100 

69, 600 

69, 000 

68, 900 
71, 500 

62, 300 
64, 100 
65, 200 



65, 400 
53, 900 



68, 200 
66, 100 



76, 200 
78, 500 



Percent 
18.5 
20.9 
22.5 

22.3 
22.0 
23.6 

15.3 
25.8 
24.2 

27.7 
26.6 
27.4 

26. 5 
25. 6 
26.3 

20.4 
IS. I 
14.3 

25.2 
25.0 

28.3 



27.1 

19.6 
19.4 
21.3 

25.6 

25.9 
28.9 

18.8 
20.6 

27.0 

23. 8 
19.2 

24.0 
29.0 



Percent 
29.1 
28.4 
28.5 

26.0 



27.7 
23.8 
24.6 

28.3 
28.1 

28. 5 

28.2 
27.0 
26.5 

20.8 
21.3 
19.1 

27.7 
22.6 
28.6 

24.8 
27.4 
28.2 

29.3 
28.3 
28.5 



23.4 

24. 3 



24.4 

20. 7 



26.0 
29.0 



In the as-rolled condition, steels 139, 143, 144, 147, 149, 150, 161, 
and 201 complied with all of the tensile property requirements, and in 
the normalized condition, only steels 147, 148, 149, and 201 met 
these requirements. 

The entire schedule of bend tests was not completed on all of the 
steels. The results of detailed studies of the nonmetallic inclusions, 
vacuum-fusion and residue analyses, and microstructural features are 
presented on eight steels only, 141, 144, 145, 146, 147, 148, 149, and 
150. Five of these steels were carried through the entire bend-test 
schedule. The bend-test schedule was completed also on one plain 
carbon steel, 139. 
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Typical microstructures in the unetchcd condition, showing non- 
metallic inclusions are shown in figure 1. The inclusions were of the 
following types: 

Steel No. Types of inclusions 

141 Some A1 2 3 , silicates, sulfides. No complex in- 
clusions. 

144 Few silicates, numerous sulfides, simple and 

complex. 

145 Few silicates, dark complex oxides, large com- 
plex inclusions with acicular structures. 

146 Few sulfides, complex oxides. 

147 Few sulfides, complex oxides, very few silicates. 

148 Many A1 2 3 inclusions, complex oxides, silicates, 

sulfides. 

149 Few complex oxides, sulfides. 

150 Complex inclusions, few silicates. 

Steels 141, 144, 145, and 148 were very dirty, while steels 146, 147 
149, and 150 were clean. 

The amounts of oxygen, nitrogen, and hydrogen in these steels 
were determined by vacuum-fusion analyses of samples from the 
K-in. plates. The results are given in table 3. 

Table 3. — Results of vacuum fusion analyses 



Steel 


Oxygen 


Nitrogen 


Hydrogen 


Steel 


Oxygen 


Nitrogen 


Hydrogen 


141 


Percent 
0.012 
.005 
.039 
.005 


Percent 
0.004 
.005 
.004 
.005 


Percent 
None 
None 
None 
None 


147 


Percent 

0. 005 

.037 

. 005 

.010 


Percent 

0.005 

.005 

.004 

.004 


Percent 
0. 0002 


144 


148 




145 


149 


.0001 


146 


150.- 


None 









Steels 145 and 148 were very high in oxygen, and there was more 
oxygen in steel 141 than is usually found in clean steels. It will 
be noted by comparing these results with the microstructures that 
oxygen was highest in the dirty steels, 141, 145, and 148. Steel 
144 also contained numerous inclusions, but these were largely sul- 
fides. Most of the inclusions in steel 148 were A1 2 3 , and most of 
those in 145 were complex oxides, probably mixtures of FeO-MnO. 
There were some A1 2 3 and other oxides and silicates in steel 141. 

Residue analyses for A1 2 3 were made on steels having the highest 
oxygen contents. Results of these analyses are given in table 4. 

Table 4. — Results of residue analyses 



Stool 


Alumina 
(residue) 


Oxygen as 
AljOs 

(calculated) 


Oxygen as 
other constit- 
uents 
(calculated) 


141 . _ .__ 


Percent 

0.021 
.001 
.071 


Percent 
0. 010 
Trace 
.033 


Percent 

0. 002 


145... 


.039 


148.. 


.004 







The results of these analyses confirm the microscopic study of the 
inclusions, in that most of the oxygen in steels 141 and 148 was present 
as A1 2 3 while that in steel 145 was in the form of other oxides, 
probably FeO-MnO. 

Typical microstructures of the %-in. plate metals, as-rolled and after 
normalizing at 1,650° F for 1 hour, are shown in figures 2 and 3. In 



Journal of Research of the National Bureau of Standards 



Research Paper 1 444 



A 



B 



D 



H 

Figure 1. — Nonmetallic inclusions; %-in. plates; unetched; XWO. 



A, Steel 141, manganese-silicon. 

B, Steel 144, manganese- vanadium. 

C, Steel 145, manganese-molybdenum. 

D, Steel 146, copper-nickel. 



E, Steel 147, copper-nickel. 

F, Steel 148, copper-nickel-molybdenum. 

G, Steel 149, copper-nickel-phosphorus. 
H, Steel 150, 23 2 percent nickel. 
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Figure 2. — Typical microstructures ; ) 

A, Steel 141, manganese-silicon, as-rolled. 

B, Steel 141, manganese-silicon, normalized. 

C, Steel 144, manganese-vanadium, as-rolled. 

D, Steel 144, manganese-vanadium, normalized. 



i-in. plates; etchant, 1 percent nital; X.100. 

E, Steel 145, manganese-molybdenum, as-rolled. 

F, Steel 145, manganese-molybdenum, normalized. 

G, Steel 146, copper-nickel, as-rolled. 
H, Steel 146, copper-nickel, normalized. 
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Figure 3.— Typical micro-structures; y 2 -in. plates; etchant, 1 percent nital; XWO. 

B stPo! u7'SSS"£i£ e i 1, as - roll( i d - , ^ Steel 149, eopper-nickel-phosphorus, as-rolled. 

C Stpp us' '" ,(,| "- n . u ' L k(, 1 1 ' normalized. F, Steel 149, eopper-nickel-phosphorus, normalized. 

D s *jel 1^, copper-nicko -molybdenum, as-rolled, O, Steel 150, 2' ■> porcont nickel as-rolled, 

ized copper-nickel-molybdenum, normal- if, Steel 160, 2V 2 percent nickel, normalized. 
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the as-rolled condition, steels 141, 144, 146, 147, and 150 contained 
some banded structure. After normalizing, some banding was found 
in steels 141, 146, 147, and 150, indicating that chemical segregation 
was responsible for the banded structure in these steels. However, 
the banding found in steel 144 had largely disappeared after normalizing, 
indicating that this steel had been finished "cold" in rolling. 

While microstructures from %-in. plates only are shown in this 
report, specimens from the }{- and %-in. plates were also examined. 
In general, in the as-rolled cozidition, the thinner plates had smaller 
ferrite grain sizes than the thicker plates, due to the additional 
working which they received in rolling. After normalizing, the grain 
sizes for the different thicknesses of plates were more nearly uniform. 

The austenitic grain size and grain-coarsening temperature were 
determined for some of the steels by a gradient-quenching method 
proposed by Vilella and Bain. 6 Most austenitic grain size studies have 
been made on specimens carburized at some selected temperature 
(usually 1,700° F) for 8 hours or more. There have been objections 
to this procedure due to the high temperature, the long time of heating 
required, and to the possible introduction of impurities or foreign 
material, which might have a significant effect on the grain size of a 
steel. In the gradient-quenching method about }i in. of the length of 
the specimen (IK in. long by }{ in. wide by the full plate thickness) was 
quenched from a desired temperature into a brine solution. The re- 
mainder of the length was allowed to cool in air above the brine. 

The quenched end was composed of martensite and the air-cooled 
end of pearlite. At some point in the quenched end of the specimen, 
the critical cooling rate for the steel was exceeded and fine pearlite 
was formed around the austenitic grains, outlining them with black 
envelopes. In the air-cooled end, the grains were outlined by pro- 
eutectoid ferrite. This method was considered to be much faster than 
the carburizing method and did not introduce unknown variables into 
the steel. 

Specimens of all plate thicknesses and in both as-rolled and 
normalized conditions were heated to temperatures ranging from 1,300° 
to 2,400° F, held 10 minutes, and gradient-quenched. There was no 
difference in grain size at any given temperature in the as-rolled and 
the normalized plates. Normalizing, therefore, apparently did not 
affect the grain size nor the grain-growth temperature. 

Austenitic grain sizes of the %~m. plates of some of the steels at 
various temperatures above the critical ranges of the steels are given in 
table 5. The grain-size designations are in accordance with those of 
the American Society for Testing Materials Specification E-19-39T. 

Table 5. — Austenitic grain size numbers of steels at various temperatures 



Steel 


Temperature, °F. 


Steel 


Tcmporature, °F. 


1,600 


1,700 


1,800 


1,900 


1,600 


1,700 


1,800 


1,900 


138 _.._ 


6 

7 
6 
8 
8 


6 
7 
5 

7 
8 
6 


5 

I 

7 

» 4 and 6 

5 


2 

7 
1 
7 
* 3 and G 
3 


146 


8 

8 
6 
7 
7 


8 
S 
5 
7 
B 5 and 7 


7,8 

8 

4 

7 

* 3 and 7 


8 3 and 7 


139 


147 


2 


140 


148 


3 


141 


149 


7 


144 


150 


a 2 and 7 


145 













k Mixed. 



6 J. K. Vilella and E. C. Bain, Revealing the austenitic grain size of steel, Metal Progress 30, 39 (1936). 
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Three steels, 139, 141, and 149, resisted grain growth up to 1,900° F 
and had fine grains at this temperature. In steels 146 and 147 there 
was grain growth at 1,900° F, in steels 138 and 144 at 1,800° F, while 
in steels 140, 145, 148, and 150 the grain size apparently started to 
increase at the top of the transformation range and continued increas- 
ing to the highest temperature. Steel 145 was not completely aus- 
tenitic at 1,600° F; some proeutectoid ferrite still existed at this 
temperature. Steels 144, 146, and 150 had mixed grain sizes, that is, 
while some grains showed growth at higher temperatures, some of the 
small grains did persist at those temperatures. 

In general, the steels which had the highest coarsening temperature 
were those which did not contain appreciable amounts of carbide- 
forming elements. Those steels which coarsened at low temperatures, 
for the most part, did contain carbide-forming materials, particularly 
molybdenum. Three low-alloy steels, all of which contained molyb- 
denum, and one plain carbon steel started to coarsen at the top of the 
critical range. One other molybdenum-containing steel did not 
coarsen at 1,900° F. 

All of the steels which coarsened at low temperatures contained 
more than normal amounts of oxygen. Two of these steels, 145 and 
148, contained abnormally high oxygen. 

Most of the steels which coarsened at the highest temperatures con- 
tained copper and nickel in appreciable quantities. Two steels, 141 
and 139, contained only small amounts of these elements. 

McQuaid-Ehn grain-size tests were made in accordance with 
American Society for Testing Materials Specification E-19-39T. 
Specimens were packed in solid carburizer and heated at 1,700° F 
for 16 hours, then cooled in the furnace to 900° F to permit the rejec- 
tion of cementite to the grain boundaries in the hypereutectoid zone. 

Grain size numbers for the %-in. plates are given in table 6. These 
include both the numbers after gradient-quenching and after car- 
burizing for 16 hours at 1,700° F. 

Table 6. — Grain-size numbers at 1,700° F 



Steel 


After 
carburizing 


After 
gradient- 
quenching 


Steel 


After 
carburizing 


After 
gradient- 
quenching 


138 


2 
7 
2 
7 
7 
3 


6 
7 
5 
7 
8 
6 


146 


8 
8 
2 

7 
4 


8 


139 


147 


8 


140 


148 


5 


141 


149 


7 


144 


150. 


a 4 and 7 


145. 











a Mixed. 

There was considerable difference in grain size after the two treat- 
ments. Those steels which after gradient-quenching had a small 
grain size generally had the same approximate size in the carburizing 
test. However, steels which had an intermediate size after quenching 
had larger size grains in the McQuaid-Ehn test. This is due most 
likely to the length of time at a given temperature and possibly to the 
introduction of carbon into the material during the test, thus changing 
some of the properties of the material. 

In the K-in. plates, steels 138, 140, 145, 148, and 150 had normal 
structures, steels 139 and 149 slightly abnormal, steels 141, 146, and 
147 abnormal, and steel 144 very abnormal. 
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Comparing the two tests, it is found that, in general, the abnormal 
steels had the highest coarsening temperatures and those with normal 
structures had the lowest coarsening temperatures. 

Chemical analyses and tensile-property tests indicated that not all 
sizes of plates from some steels were from the same heat. This was 
confirmed by the results of the carburizing tests. Steel 141, in the 
%-in. thickness, had a normal structure with large grains, while the 
%- and %-in. plates had abnormal structures and small grains. Steel 
149, likewise, had different grain sizes, the specimen from the %-in. 
plates having small grains and abnormal structures, while those from 
the y 2 - and %-in. plates had larger grains and normal structures. Steel 
150 had a composite structure in the %-in. plate, in which the edge had 
large grains and normal structure while the interior was abnormal with 
small grains. 

III. METHOD OF TEST 

1. GUIDED BEND TESTS 
(a) PREPARATION OF SPECIMENS 

Specimens from each thickness of plate, in both the as-rolled and 
the normalized conditions, were prepared as shown in figure 4. A 
12- by 24-in. piece of the plate was cut with the short dimension 
parallel to the direction of rolling. A piece 4 by 24 in. of the same 
material was attached to this plate by means of double-fillet welds 
with the length of the welds perpendicular to the direction of rolling. 
The welds were continuous and made in one pass. One fillet was 
made and the specimen allowed to return to the original plate temper- 
ature before the second fillet was welded in the same direction as the 
first, that is, started from the same end. 

All welds were made by the same operator, using direct current, 
reversed polarity, and organic-covered electrodes from the same 
source. Electrode sizes and current conditions for the three plate 
thickness were as follows: 



Plate 
thickness 


Electrode 
size 


Welding 
current 


Arc 
voltage 


in. 


in. 

% 

%2 
fl6 


Amperes 
100 to 105 
130 to 135 
160 to 170 


Volts 
26 to 28 
26 to 28 
26 to 28 



Very close tolerances were maintained, and any specimens showing 
undercutting, improper weld size, or visible welding defects were dis- 
carded. 

All the steels were welded when the plates were at room temperature. 
To simulate the conditions of welding in cold weather, additional plates 
were cooled to temperatures of 10°, 0°, —10°, and -20° F, and welding 
was started when the plates were at these temperatures. 

Four specimens for the bend test and one specimen for examina- 
tion of the microstructure and hardness tests were sawed from each 
assembly, as shown in figure 4. There was no further edge preparation 
nor were the welds machined in any manner. 
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Figuee 4. — Plate layout and location of test specimens. 

(b) BENDING APPARATUS 

A bending jig similar to that shown in figure 5 was designed for each 
thickness of plate. The specimen was supported on hardened steel 
cylinders, and the tongue of the T was wedged firmly in the guide, 
which moved freely in vertical ways. The specimen was loaded at the 
center on the face opposite to the T", through a plunger having a semi- 
cylindrical end of the same radius as the supporting cylinders. As the 
tongue of the specimen was constrained by the guide to move in a 
vertical plane, bending was forced to take place uniformly at the toe 
of each fillet. The deflection was measured on a scale attached to the 
plunger. The angle of bend (the supplement of the internal angle be- 
tween the legs of the specimen) was obtained from a curve showing* 
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Figure 5. — Diagram of bending jig, showing specimen in place, 

the relation between the deflection and the angle of bend. This curve 
was made by comparing measured angles of tested specimens with the 
deflections which produced these angles. 

For each jig, the diameter of the supporting cylinders and of the end 
of the plunger was four times the nominal plate thickness, t, and the 
distance between centers of the supporting cylinders was I2t. The jigs 
are shown in figure 6. 

To observe the effects of low temperatures on the bending properties, 
bend tests were made at temperatures from +10° F to —20° F. For 
testing specimens at low temperatures, the jig was placed in an in- 
sulated tank containing a solution of ethylene glycol (50 percent by 
volume) in water. The liquid covered the specimen when in position 
in the jig and was cooled to the desired temperature by adding dry 
ice (C0 3 ). 
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(c) PROCEDURE 

The jig was placed in a vertical screw-power, beam-and-poise testing 
machine. The specimen was laid across the cylindrical supports, as 
shown in figure 5, and a load of 100 lb. was applied through the 
plunger attached to the movable head of the testing machine. With 
this load seating the specimen firmly in the jig, the "zero deflection" 
of the scale attached to the plunger was read. The load was removed, 
and the tongue of the specimen was wedged in the slot of the guide. 

The load was again applied to the specimen and increased con- 
tinuously until the beam "dropped", indicating that the "maximum 
load" had been reached. The deflection of the specimen was the 
difference between the scale reading at this maximum load and the 
zero deflection. 

If there was no visible crack when the beam dropped, loading was 
continued until the specimen cracked or the bending limit of the jig 
(about 120 degrees) was reached. If the specimen cracked either 
before or after maximum load, the deflection was read and the angle 
at initial failure was determined in the same manner as the angle at 
maximum load. The specimen was examined without removing the 
load, and if the failure was not complete, bending was continued to 
determine the direction of propagation of the failure and its extent 
at jig capacity. 

In addition to deflections and loads, observations were made also 
of the kind or type of fracture, whether partial or complete, sudden 
or gradual, and of the location, whether in plate metal, bond zone, or 
weld metal. 

For the tests at low temperatures, the same procedure was followed, 
except that the specimen could not be examined without removing it 
from the jig. The specimens were brought to the desired temperature 
before testing by placing them in the tank for at least 30 minutes 
prior to testing. Tests on the specimens with thermocouples in 
drilled holes showed that the temperature of the specimen rose only 
slightly during the time necessary to wedge the specimen into the 
guide. 

The program called for the welding and testing of all sizes of steels 
at the following temperatures. 



Plate tem- 




perature 
before 


Testing temperatures 


welding 




°F 


op 


70 


70, 10, 0, -10, -20 


10 


70 





70, 10, 0, -10, -20 


-10 


70 


-20 


70, 10, 0, -10, -20 



With four specimens to be tested under each condition, a total of 
408 bend tests was required for the complete investigation of each 
steel. As the work continued, it was evident that some steels were 
unsatisfactory, and further tests were discontinued in order to shorten 
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Figure 6— Photograph of bending jigs used for y 4 -, )■{-, and %-in. specimens, 
showing all essential parts of each jig. 
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1*4 


LA2 


1*1 


1*4 


17 f 


19* 


125 


162 


1*3 


161 


158 


162 


193 


180 


172 


171 


169 


163 


163 




'•-3 


161 


165 


169 


178 


211 


178 


167 


167 


172 


176 


170 


201 


181 


173 


166 


166 


168 


171 




1-3 


1*4 


1*1 


1/2 


i/5 


lc5 


1^,8 


2U0 


206 


208 


191 


182 


172 


176 


166 


162 


16^ 








165 


163 


1*8 


171 


185 


192 


203 


191 


199 


219 


204 


188 


174 


174 


166 


167 


166 








1*1 


1^8 


1*2 


1*6 


16tS 


1/0 


173 


1/1 


169 


16/ 


168 


170 


165 


161 


157 








16o 


162 


165 


167 


170 


174 


178 


17S 


179 


171 


176 


170 


166 


165 


165 










1*2 


1^6 


15* 


1*0 


16* 


16b 


164 


164 


165 


160 


162 


157 


155 








164 


163 


164 


164 


167 


166 


168 


172 


169 


166 


160 


15? 


160 










163 


lt>7 


1W 


1*1 


1*2 


162 


161 


158 


I56 


I36 


154 








162 


160 


166 


166 


165 


165 


167 


164 


^63 


162 


166 










1*3 


160 


160 


1*2 


160 


155 


156 


l?9 


156 








163 


156 


163 


161 


165 


164 


160 


163 


161 










1*4 


159 


161 


1*0 


160 


160 


1*0 








163 


161 


163 


164 


167 


165 


163 










159 


162 


1*1 


160 


1*0 








167 


162 


164 


161 


158 







Figure 7. — Location of Vickers indentations on specimens and hardness numbers corresponding to the indentations 
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Figure 8. — Typical macrostructures of the welded specimens. 
A, H-in. plate; B, H-in. plate; C, %-in. plate. 
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the program. The complete program of tests was carried out on 
only 6 of the 18 steels (Nos. 139, 144, 146, 147, 149, and 150). 

2. HARDNESS TESTS 

One specimen for each composition, thickness, and condition of 
steel was ruled in millimeters, as shown in figure 7, and Vickers 
numbers were obtained for each square in the heat-affected zone. 

Results for the six completely tested steels are given in table 7, 
showing the hardness of the plate metal before and after welding. 

Table 7. — Effect of welding on hardness of plate metals 



Steel 


Plate 
thickness 


Original plate 


After welding highest 
value 


Increase of hardness 


As-rolled 


Normal- 
ized 


As-rolled 


Normal- 
ized 


As-rolled 


Normal- 
ized 


1 89 


In. 
1 1/4 
\ 1/2 
1 3/4 


Vickers No. 
153 
149 
149 


Vickers No. 
145 
144 
145 


Vickers No. 
215 
219 
194 


\ "icl;ers No. 
194 
214 
L92 


Vickers No. 
62 
70 

45 


1 'ic leers No. 
40 
70 
47 


144 


1 1/4 
\ 1/2 
) 3/4 


177 
150 
182 


154 
159 
152 


247 
262 

242 


230 
231 
227 


71) 
102 
00 


76 
72 




75 


148 


1 1/4 
\ 1/2 
I 3/4 


156 
150 
154 


155 
150 
149 


185 
198 
206 


190 
200 
200 


29 

48 
52 


35 

50 




51 


117 


] 1/4 
\ 1/2 
] 3/4 


164 
164 
171 


164 

158 
157 


251 
238 
223 


240 
271 
214 


87 
74 
52 


76 
113 




57 


149 


) 1/4 
\ 1/2 
1 3/4 


165 
158 
163 


160 
156 
152 


208 
195 
197 


198 
193 

188 


43 

37 
44 


38 
37 

36 


150 


) 1/4 
\ 1/2 
I 3/4 


168 
152 
155 


158 
150 

157 


224 

209 
208 


223 
229 
225 


56 
57 
53 


66 

79 




68 



The highest hardness (182) of the as-rolled plates was found in the 
%-in. plate of steel 144 and the lowest (149) in the %- and %-in. plates 
of steel 139. The %-in. plate of steel 144 also had a low value (150). 
After welding, the highest hardness was found in the K-in. plate of 
steel 144 (252), an increase of 102 Vickers numbers. 

The highest hardness of the normalized plates (164) was found in 
the %-in. plate of steel 147. The hardest point after welding was 271 , 
found in the Jjrin. plate of steel 147. This plate also had the greatest 
increase in Vickers numbers (113) as a result of welding. 

None of the specimens hardened excessively, and the ranges of 
hardness were comparatively narrow. 

3. MACROSTRUCTURES 

Specimens from the six completely tested steels were polished, 
etched, and examined both macroscopically and microscopically. 
A typical macrophotograph is shown in figure 8. The results of these 
studies showed that all welds were of proper contour and size, that 
heat penetration was normal for the plate and electrode size used, 
and that there were no serious defects in the plate or weld metals. 



i 
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Microstructures of welded specimens showed that, with the excep- 
tion of steel 147, the grains at the fusion boundary were not excessively 
large. There were no sharp boundary lines, and the plate metals for 
the most part diffused gradually into w T eld metals. Likewise the 
changes in structure in the transition zones of the plate metals were 
very gradual. 

IV. RESULTS 

1. MAXIMUM LOAD 

For the specimens in which no fracture occurred the load increased, 
with increase in angle of bend, to a maximum and then decreased 
continuously without any increase, until the limit of the jig was 
reached. Usually the maximum load occurred after the specimen 
had bent 60°. The agreement between duplicate specimens, as to 
both maximum load and angle, was generally very close. 

Specimens from some of the steels cracked audibly or visibly 
while the load was still increasing and at bend angles usually much 
less than 60°. In such cases the results of duplicate specimens did 
not agree, either in load or angle at which cracking occurred. For 
specimens from other steels, cracking did not occur until after the 
maximum load had been attained and the load was decreasing. 
When this occurred, there also was lack of agreement among duplicate 
specimens for the load at which cracking occurred, although the agree- 
ment on maximum load and angle at maximum load was close. 

Because the maximum load on a specimen was affected directly by 
changes in dimensions that were indeterminate on these specimens 
and could not be reduced to stress values, this maximum load in the 
bend test was not considered an important basis of comparison. It 
was even more difficult to determine exactly the load, and particularly 
the angle at which cracking began, and no attempt was made to use 
these as a basis of comparison. The maximum load, with or without 
failure by cracking, was indicated by a drop of the beam of the testing 
machine similar to that at the maximum load in a tensile test of a 
ductile metal. The angle of bend at this load was readily determined, 
and also whether the failure occurred before or after the maximum 
load had been passed. All failures were in one or the other category, 
and those which appeared to coincide with the maximum load were 
considered to have occurred under an increasing load. 

Although it would not be advisable to recommend minimum 
numerical values for maximum load and angle of bend, alone, as a 
basis for acceptable welding quality, it was considered that the higher 
these values the greater were the indicated strength and ductility of 
the joint. These values were considered useful for comparisons of 
specimens of different steels welded and tested under the same condi- 
tions. The use of values for angle of bend at maximum load is 
discussed in the following section. 

The average values of maximum loads are given in table 8. In this 
and other tables where data are incomplete, the value k followed hy 
a small "x." Since the maximum load is apparently not a simple 
function of plate thickness, the values for the various plate sizes 
cannot be directly compared ; but the rank numbers, which are based 
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ible 


5 . - MAilUU* LOADS. (Average 


of 4 


Speoimens.) 


















Steel 
Ho. & 

Oond. 


Test 

Temp. 


l/4» 


1/2* 


3/*- 


All Sizes Combined 


Steel 
No. & 
Cond. 


Weld Temperature, C F 
70 10 -10 -20 


Rank 


Weld Temperature, °F 
70 10 -10 -20 


Rank 


Weld Temperature, °F 
70 10 -10 -20 


Rank 


70 «F 
Ave. Rank 


All Temp. 
Ave* Rank 


139 
AR 


70 

10 



-10 
-20 


3755 3560 3^0 3730 

3960 3710 

I960 

4050 388O 

4030 37«0 


3770 
3960 
3990 
3990 
4070 


1 


5810 
65*0 
6800 
65p0 
70 40 


6050 5350 
6610 
6620 
6690 
6900 


5620 5600 
63*10 
6790 
6410 
6530 





9*50 9390 9160 9160 9250 
10200 10290 996O 
10220 10260 9800 
10*10 10080 10040 
10l4o 10180 99*40 
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1*3 




139 
AR 




Ave. 


All Temperatures 


386O 


2 






6*30 
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9 880 
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3-0 
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10 



-10 

-20 
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3^70 3900 
3930 3960 
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3910 
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3960 
3910 


1 


6162 
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7010 
70 4o 
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6700 
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6390 


1 


9088 9070 944o 9280 S950 
9640 9610 9740 
954o 9910 9900 
9760 9550 9750 
9890 9600 10100 


1 


1.0 




X I 9 




Ave. 


All Temperatures 


3840 


2 






6430 


2 


9530 


3 




2.3 




1*4 
AR 


70 

10 



-10 

-20 


5100 5*20 5350 51 SO 
5490 5620 
5590 5*90 
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6 


*.3 




1*7 

I 




Ave. 


All Temperatures 


4070 


3 






7560 


6 


10630 


9 




6.0 




14-9 
AR 


70 

10 



-10 

-20 


*7*5 *766 4542 4397 
50 4o 4710 
— 4570 

4680 

4840 


4486 
4400 
4340 
4520 
*660 


6 


7062 
726* 
7462 

7371 
7550 


759^ 7095 
7729 
7671 
7608 
7505 


7591 7222 

fflt 

7*96 
7728 


4 


10100 10370 10385 10370 io44o 
10475 10705 10490 

10270 10410 10205 
10420 10460 10230 
10340 I093O 10550 


6 


5.3 




149 
AR 




Ave. 


All Temperatures 


4620 x 


6 






7*90 


5 


10420 


8 




6-3 




14-9 

N 


70 

10 



-10 

-20 


4360 4710 4670 4508 
4890 
4820 
4630 
4760 


*670 
4390 

Kg 

*37o 


4 


6750 
7031 
7144 
7291 
7236 


6395 6939 
7295 
7266 
7^82 
7335 


7270 7195 
7701 
76*1 

7*50 
7*62 


3 


10050 10250 10140 9340 10060 
10250 107*40 10130 
10060 10390 10310 

10100 10l2g 10210 

10320 10320 io4*k) 


6 


*.3 




149 

I 




Ave. 


All Temperatures 


4610x 


6 






7260 


5 


10230 


7 




6.0 




150 

AR 


70 

10 


-10 
-20 


4345 4510 4270 4530 
4710 4090 
4440 47SO 
4J90 *7**0 
4450 4720 


4510 
4§80 
4720 
4550 
4610 


4 


7350 
8184 
8021 
8004 
7*96 


7*58 7677 
S230 
81 34 
7906 
7734 


7632 75*2 
8344 
8284 
8166 
8106 


7 


8975 96*40 9500 9390 9320 
9490 9360 9700 
9360 9630 95*40 
9370 9*50 9650 
9360 9*80 984o 





3.7 




150 
AR 




Ave. 


All Temperatures 


4550 


5 






7950 


7 


9500 


3 




5.0 




150 
N 


70 

10 



-10 

-20 


?360 3630 ?650 3670 
4170 4060 
43QO 4120 
3740 3880 
3701 3770 


3242 
4180 - 
3680 
3700 
3330 


2 


7112 

Z5 02 
751S 

TO5 


6763 6*55 
7*66 
754o 
7522 

7469 


6812 7052 
7015 

m 

7076 


4 


3962 9150 9250 9040 S8O0 
9270 9140 9070 
9030 9090 9172 
9210 9290 9330 
9*20 9140 9510 





2.0 




150 
N 




Ave. 


All Temperatures 


384} 


2 






7300 


5 


9170 


1 




.* 




Determination of Rank 


Range 




1/4" 


Under 3609 


3610-3799 


38OO 


-3999 


lJOOO-4199 


4200-4399 


4400-4599 


*600-4799 


4300-4999 


5000-5199 


5200-5399 


5400 

& over 


Subdii 


risions 


1/2" 


Under 5999 


6000 


-6299 


6300 


-6599 


6600-6*99 


6900-7199 


7200-7499 


7500-7799 


7SOO-8099 


8100 -8399 


8400-3699 


8700 
& over 






3/4" 


Under 8999 


9000 


-9199 


92OO 


-9399 


9*100-9599 


9600-9799 


9800-9999 


10000-10199 


IO200-IO399 


10400-10599 


10600-10799 


10800 
&. over 


Rank N\ 


libers 







l 


2 


3 


4 


5 


6 


7 


8 


9 


10 



a_1LK_tL_ BS 



Ta ble 10. - DEVIATIONS BELOW 60° OF INDIVIDUAL AMSL&S . 



Steel 
No. & 


Test 
Temp. 


1/4- 


1/2- 


3/4" 


All 8lzee Combined 


Steel 
No. & 


Weld Temperature, °F 


Rating 


Rank 


Weld Temperature, °F 


Rating Rank 


Weld 


Temperature, °F 


Rating Rank 


W & T at 70°F 


W & T All Temp. 


Oond. 


Of 






































Cond. 






70° 10° 0° -30° -20° 






70° 


10° 


0° 


-10° -20° 






70° 10° 


00 


-10° -20° 






Total Rating Rank 


Total Rating 


Rank 




139 


70 


— 26/2 21 0/2 3/3 





__ 


0/3 


4/1 


6/2 


5/2 1/2 


Ox 


10 


0/1 


0/1 


0/1 





10 


0/7 Ox 10 






139 


AR 


10 



2g 1 
9 






19 
16 




56 




9 


















10 












AR 




-10 


8 18 






68 




38 











V 



















-30 


3 45 26 






33 




<7 


406^5^ 






14 




7 


8 
















Total 


All Temperatures 186/59 


TL6x 


6 








700* 


3 








76/59 


129x 


8 




668/176 380x 


6 




139 


7° 

io 








10 





0/2 


0/2 


0/2 9/2 





10 


0/3 











10 


0/12 10 






i r 


I 


030 
060 






9 




c 


3 




































12 




1 


11 











7 



















-10 









8 




to 














13 


30 
















-20 









37 




:7 


5 











& 


2 
















Total 


All Temperatures 3/68 


4 


9 








154/60 


257x 


7 








106/67 


158 


8 




263/195 135 


8 




144 
AR 


70 
10 


1 28 50 11 23 
43 48 32 


25 


9 


20 
15 


24 


l J 


4 14 
6 


500 


5 


11 V 


46 

5 


46 3J 


925 





58/12 483 5 






144 

AR 







32 60 52 











4 


4 






6 




17 


6 
















-10 

-20 


28 34 19 
30 37 3S 






2 

10 




6 



6 






21 

11 




t§ 


y 
















Total 


All Temperatures 566/68 


S32 


1 








137/68 


202 


7 








385/68 


567 


4 




1088/204 533 


4 




lift 


70 








10 





5 





1 





10 


1 


9 


9 


7 


25 


9 


1/12 8 9 






144 


1 


10 



-10 

-20 


1 16 

1 a 35 

3 6 28 

19 






2 








u 











19 







1 

17 






5 

11 
2 




3 
10 












I 




Total 


All Temperatures 117/68 


172 


8 








27/68 


40 


9 








75/68 


110 


8 




219/204 107 


8 




iH 


70 


0-000 





10 

















10 











1 





10 


0/12 10 






146 


AR 


10 



-10 

-20 


00 

3 15 
















9 







5 

2 
9 














1 






5 
2 













AR 




Total 


All Temperatures 18/64 


28 


9 








25/68 


37 


9 








9/68 


13 


9 




52/200 26 


9 




146 


70 


20 


500 


5 

















10 

















10 


20/12 167 8 






146 


N 


10 


5 






























%* 












1 



















2 




























-10 














?s 


































-20 









5 














10 




1 



















Total 


All Temperatures 25/68 


37 


9 








35/68 


52 


9 








n/66 


17 


9 




71/202 35 


9 




*s 


70 


2 2 10 


50 


9 





19 12 


3 8 





10 





6 











10 


2/12 ^ 17 9 






147 


10 


a * 2 

830 
8 1 





















6 







1 












AR 































1 



















-10 
-20 






1 






LI 
2 


16 
19 












$ 


SI 
















Total 


All Temperatures 34/68 


50 


9 








91/68 


13* 


8 








145/68 


213 


7 




270/204 132 


8 




147 


70 


8 


200 


8 

















10 








^ 








10 


8/12 67 9 






147 


1 


10 


4 9 1 





















12 

















1 


































10 



















-10 


2 

All Temperatures 24/68 








16 












16/68 






2 

9/3 










,11 

47/67 
















Total 


35 


9 




24 


9 




70 


9 




87/203 43 


9 




149 


70 


6 13 15 15 


150 


8 





2 


1 








10 








9 








10 


6/12 50 9 






149 


AR 


10 



-10 

-20 


2 7 4s 
3 9 
2 3 

- 20 16 








2 






£3 



81 


19 


42 

J. 






3 
10 

3 
32 







16 
24 


27 
35 
20 
19 












AR 




Total 


All Temperatures 159/56 


2S4x 


7 








13V68 


197 


8 








198/68 


291 


7 




491/192 256 


7 




149 


70 


3 9 





10 








1 








10 








2 


2 





10 


0/12 10 






149 


N 


10 



8 

1 35 








I 





LO 


20 
16 








2 








30 













1 




-10 


30 12 








16 


27 






5 




9 


31 
















-20 


55 77 











B 


12 






15 




22 


13 
















Total 


All Temperatures 236/52 


442x 


5 








142/68 


209 


7 








131/68 


193 


8 




503/188 268 


7 




150 


70 


7 18 4l 26 7 


175 


8 





7 


1 


15 29 





10 


40 











1000 





47/12 392 6 






150 


AR 


10 


5 78 


























SS 


2 












AR 







28 1 






7 




8 


6 






2 




xl 
















-10 


22 6 14 






15 







12 






a 




5 
















-20 


28 14 16 






16 


12 


, 6 








29 


11 
















Total 


All Temperatures 3II/68 


457 


5 








142/68 


209 


7 








236/68 


347 


6 




689/204 338 


6 




150 


70 


24 20 3 42 





10 





1 





2 





10 

















10 


0/12 10 






150 


N 


10 



-10 

-20 


000 

4 5 
2 5 § 

6 21 4 










11 












47 



71 







2 

6 
21 




1 

2 

9 
2 


9 
11 
12 


















Total 


All Temperatures 142/^8 


209 


7 








132/68 


194 


8 








75/68 


110 


8 




349/204 171 


8 












Determination 


f Rank 




















Range Subdivie 


lone 





1-100 


101- 


200 


201- 


300 


301-400 




401-500 


5C 


1-600 




6OI-700 


701 


-800 


801 -9C 





901 and over 


Range SubdirieionB 


Rank Numbers 




10 


9 


8 




7 






6 




5 




4 




3 






2 


1 







Rank Numbers 



431173—41 (Face p. 15) No. 3 



Table 13 



-SUhULiRY OF ALL FAILURES . 



Steel 
No. 






Welded and Tested at All Temperatures 


1 

W & T at 70 C F 


Steel 
No. 


Failures 


1/4" 


1/2" 


3A» 


All Sizes Combined 


All Sizes Combined 


AR 


N 


AR 


N 


AR 


N 


AR 


N 


AR 


N 


$> Rank 


# Rank 


it Rank 


# Rank 


fo Rank 


# Rank 


fo Rank 


# Rank 


fo Rank 


# Rank 


139 


Plate 

Bond & Weld 

All 


98 

2 9 

100 1 


H 5 

i. 1 9 

47 6 


96 

3 9 

99 1 


74 2 

9 9 

83 2 


57 * 
1 9 

58 5 


SI 4 

10 

53 5 


84 1 
2 9 

86 2 


57 4 

3 9 

60 5 


67 3 

10 

67 4 


58 4 

10 

58 5 


139 


li*4 


Plate 

Bond & ^eld 

All 


100 
10 

100 1 


65 3 
18 «5 

8^ 2 


9 l % 

103 6 


69 3 

10 

69 4 


81 1 

7 9 
8S 2 


32 6 

3 9 
35 7 


93 

4 9 

97 1 


55 * 

62 4 


g l 1 
8 9 

91 1 


8 9 
25 8 


144 


11* 


Plate 

Bond & Weld 

All 


25 7 
27 7 
52 5 


3 9 
19 8 
22 8 


H 5 

89 2 


28 7 
38 i 

66 4 


57 J 

16 8 
73 3 


45 5 

8 9 

53 5 


4^5 <5 
29 7 

72 3 


25 7 
22 7 

47 6 


8 9 

8 9 

16 9 


8 9 
42 5 
50 6 


14£ 


1*7 


Plate 

Bond & Weld 

All 


97 
10 9 

107 


31 6 
37 6 

68 4 


57 * 

59 * 

116 


3* 6 

72 2 

106 


93 
15 S 

108 


75 2 

25 7 

100 1 


82 1 

28 7 

110 


47 5 
45 5 
92 1 


58 4 

50 5 

108 


10 
58 4 
58 5 


147 


149 


Plat e 

Bond & Weld 
All 


96 .0 

9 9 

105 


S3 1 
13 & 

96 1 


72 2 

9 9 

ei 2 


57 4 

10 
57 5 


66 3 

7 9 

73 3 


56 4 

24 7 
80 3 


77 2 

8 9 

85 2 


64 3 
12 8 
76 3 


50 5 
25 7 
75 3 


10 
25 7 
25 8 


149 


150 


Plate 

Bond & Weld 

All 


94 
*4 9 
98 1 


26 7 
22 7 
4* 6 


28 7 

76 2 

104 


24 7 
52 4 

76 3 


84 1 
15 8 
99 1 


44 5 

6 9 
50 6 


69 3 

32 6 

101 


3i 6 
26 7 
57 5 


83 1 

42 5 

125 


25 7 
33 6 
58 5 


150 


Determination of Rank - (All Failures) 




Range 
Subdivisions 

Rank Number 


0-10 
10 


11-20 
9 


21-30 


31-1*0 
7 


41-50 
6 


51-60 
5 


61-70 
4 


71-80 

3 


81-90 
2 


91-100 
1 


101 & over 



Range 
Rank 



431173—41 (Face p. 15) No. 6 



SUMMARY OF RATINGS AND WEIGHTED RANKS - As Rolled Plates. 



Steel Number 


139 


144 


146 


147 


149 


150 


Ranges of. Ratings 


Baois of Rating 


Weight 
Factor 


Plate 
Size 


Rating 


Rank 
Ho. 


Wtd. 

Rank 


Rat ing 


Rank 
No. 


Wtd. 

Rank 


Fating 


Rank Wtd. 
No. Rank 


Rating 


Rank 
No. 


Wtd. 
Rank 


Rating 


Rank 
No. 


Wtd. 
Rank 


Rating 


Rank 
No. 


wtd. 
Rank 


Best 


Worst 


Rating 


Rank 


Rating 


Rank 














Steel 


e Welded and Tested 


at All Temp« 


ratureg 


-20 °F 


to ?o« 


F 




















Angle at Maximum Load 
Average angle for 
all specimens tested 

Total Wtd. Rank 


3 

3 

I 

15 


1/2" 

iir 


55x 

56x 

63x 

59- 3* 


4 
2 

t 


12 

6 

a 

60 


52 

P 

55-3 




4 
1 
2 



12 

12 
27 


65 

1 

65-7 


7 21 

& 24 
? II 

105 


64 
60 
62.0 


5 
6 
4 
5 


15 

lg 

12 

30 
75 


W 
8.3 


4 
6 

it 


12 

lg 

1! 

66 


57 
62 

».o 


3 
5 


9 

15 

57 


65 
6f 

$1 


7 
8 


52 

56x 
54 
55-3 



2 
1 

2 


Deviations Below 60° 
of individual angles 
at maximum load. 
=* 100r(60°-A)/N 
Total Wtd. Rank 


3 

3 

6 

15 


i/v 

1/2" 
3 /4'» 
All 


31 6x 
700x 
129x 
3S0x 


6 

I 

6 


IS 

If 


g32 
202 
567 
533 


1 

I 

4 


3 
21 
12 

24 

60 


2g 

8 

26 


9 27 
9 27 
9 27 
9 54 
135 


52 

134 
213 
132 


9 
S 

7 
g 


li 

21 
4g 

120 


2g4x 
197 
291 
256 


7 
g 
7 
7 


21 
24 
21 

42 
10S 


^57 
209 
347 
33S 


5 
7 
6 
6 


15 
21 
ig 

36 
90 


2g 
26 


9 
9 
9 
9 


g32 
700x 
567 
533 


1 

I 
4 


Plate Failures 

Percent of specimens 
tested showing fail- 
ures in plate metal. 
Total Wtd .Rank 


2 
2 
2 
6 
12 


1/4" 

1/2" 

3/* M 

All 


96 





4 

1 





g 

6 

14 


100 
99 
gl 
93 





1 






2 

2 


1 
§ 


7 14 
5 10 

4 g 

5 30 
62 


97 
57 
93 
g2 



4 



1 



g 

$ 

14 


96x 
72 

77 



2 

2 




4 

6 

12 

22 


9 i 

2g 

g4 
69 




I 

3 



14 

2 
lg 

3* 


II 
11 


7 

I 

5 


100 

99 
93 
93 








All Failures - Peroent 

of speolmens tested 

showing failures in 

plate, bond, or weld 

Total Wtd. Rank 


1 
1 

1 
2 

5 


1/4" 
1/2" 
3/4" 

All 


100 

99 
5*5 

S6 


1 
1 
5 

2 


1 
l 

I 

11 


100 

103 

gg 

97 


1 


2 

1 


1 

2 
2 
5 


52 

g9 
73 
72 


5 5 

2 ? 

3 3 
3 6 

16 


107 

116 

10« 

110 
















105x 
gl 

U 



2 

3 
2 



2 

I 

9 


9* 
104 

99 
101 


1 



1 




1 

1 

2 


11 

n 


5 

2 

5 
3 


107 
116 
log 
110 








Maximum Load 
Average for all 
specimens tested 
Total Wtd. Rank 


1 
1 
1 
3 


1/4" 

3/4" 


3«60 
^430 
9SS0 


2 
2 

5 


2 
2 
5 
9 


5400 

gl20 

10660 


10 

g 

9 


10 

g 
9 
27 


4210 

7410 

10690 


4 4 

5 5 
9 9 

lg 


4430 

7790 

11150 


5 

6 
10 


5 

6 

10 

21 


4620x 
7490 
10420 


6 

s 


6 

5 

g 

19 


4550 
7950 
9500 


5 
7 

3 


5 

7 

15 3 


5400 

gl20 

11150 


10 

g 

10 


3«60 
6430 
9500 


2 
2 

3 


Total Weighted Rank 
for all rating 
factors combined. 

Total -All Sizes 
Relative Order No. (♦) 


10 
10 
10 
20 

50 


1/4" 
1/2" 
3/4" 
All 




(5) 


3 

60 

70 

lgl 




(6) 


14 
41 
2g 

121 


71 

6g 

65 

132 

a) 336 




(2) 


*7 

i 

230 




(3) 


39 
53 
50 

g2 

224 




(4) 


30 
57 

1 

19S 


71 

6g 

65 

132 

336 


14 
lg 
2g 
33 
121 














Steels Welded aj 


id Tested 


at 70 °F (Room Temperature) onlj 










Angle at Maximum Load 


3 

3 
3 
6 


1/4" 
1/2" 

3/5" 

All 


70x 

68 

69.0x 


g* 
9 
g 
9 


24 

% 
5* 


61 

li 

56.0 


5 
2 

2 


i 


12 


65 
75 
62 

67-3 


7 21 

10 30 
5 15 
g Ug 


60 

P 

63 

65-3 


4 

10 

6 
7 


12 
30 
ig 

42 


60 
69 

67 
65-3 


4 

9 
g 
7 


12 
42 


fiD 

50 
59.3 


4 
g 

4 


12 

24 

24 


65 
75 
6g 
69 -Ox 


7 
10 

g 
9 


60 

56 

50 

56.0 


4 

2 

2 


Deviations Below 60° 


3 
3 
3 

6 


7/4" 

All 


Ox 



Ox 


10* 
10 
10 
10 


30 
^0 

30 
60 


25 
500 

4g3 


9 
5 

5 


27 
15 

30 










10 30 

10 30 
10 10 
10 60 


5 2 

17 


9 
10 

10 

9 


27 
30 
30 
5* 


150 



50 


g 
10 

10 
9 


24 

30 

5* 


175 



1000 

392 


g 

10 



6 


24 
30 

36 








10 
10 
10 
10 


175 

500 

1000 

4g3 


S 
5 


5 


Plate Failures - # 


12 


All 


67 


3 


36 


«3 


1 


12 


g 


9 log 


5* 


4 


4g 


50 


5 


60 


«3 


1 


12 


g 


9 


«3 


1 


All Failures 


5 


All 


67 


4 


20 


91 


1 


5 


16 


9 45 


10g 








75 


3 


15 


125 








16 


9 


125 





Maximum Load 


1 
l 
l 


1/4" 

1/2" 
3/4" 


3755 
5S10 
9450 


1 


3 


1 

o 

3 


5100 

7570 

10210 


5 
6 
7 


S 
6 
7 


3965 

6962 

10300 


2 2 

4 4 

7 7 


HQ51 

7150 
10600 


I 

9 


3 
4 
9 


47»f5 

7062 

10100 


6 

6 


1 

6 


W5 

7g50 
S975 


4 
7 



If 

7 • 



5100 

7850 

10600 


S 
7 
9 


3755 
5gio 

S975 


1 




total Weighted Rank 
Relative Order Ho. (*) 


50 


Total 




(2) 


339 




(6) 


14 3 


430 
(1) 




(4) 


307 




(3) 


33* 




(5) 


173 


430 


14 3 
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Table 15»- 8SMMARY OF RATINGS AND WEIGHTED RANK3- Normalized Plates. 





















































Steel Number 


139 


144 


1I6 


1*7 


119 


150 


Ranges of Ratings 




Weight 
Factor 


Plate 


Rating 




Wtd. 


Rating 




Wtd. 


Rat ing 




Wtd. 






Wtd. 


Rating 


Rank 


Wtd. 


Rating 






Beet 


Worst 




Size 


No. 


Rank 


No. 


Rank 


No. 


Rank 




No. 


Rank 


No. 


Rank 


No. 


Rank 


Rating 


Rank 


Rat in? 


Rank 














Steels Welded and Tested 


at All Temperatures 


-20 °F 


to 70 


»F 




















Angle at Maximum Load 


3 


l/k* 


66 


7 


21 


61 


5 


15 


66 


7 


21 


61 


6 


18 


58x 


3 


9 


62 


5 


15 


66 


7 


5Sx 


3 


Average angle for 


3 


1/2" 


65* 


7 


21 


66 


7 


21 


68 


S 


21 


6& 


8 


21 


61 


6 


IS 


61 


6 


IS 


6S 


8 


61 


6 


all epeolmonB tested 


3 


1/M 


£ 3 


6 


u 


61 


5 


15 


61 


6 


18 


62 


5 


15 


60 


1 


12 


62 


5 


15 


61 


6 


60 


4 




6 


All 


SM* 


6 


36 


62.7 


5 


30 


66.0 


7 


12 


61.7 


6 


36 


60. 7 


1 


21 


62.7 


5 


30 


66.0 


7 


60. 7 


1 


Total Wtd. Rank 


15 








96 






81 






105 






93 






63 






78 










Deviations Below 60° 


1 


iA" 


4 


9 


27 


172 


8 


21 


37 


9 


27 


s 


9 


27 


1l2x 


5 


15 


209 


7 


21 


1 


9 


1l2x 


5 


of Individual angles 


3 


1/2" 


257x 


7 


21 


HO 


9 


27 


52 


9 


27 


9 


27 


209 


7 


21 


19I 


8 


21 


21 


9 


257 


7 


at maximum load 


3 


jA" 


15J[ 





24 


110 


8 


21 


17 


9 


% 


G 


9 


8 


193 


8 


?1 


110 


8 


21 


17 


9 


193 


g 


=.100£(60°-A)/N 


6 


All 


135 





18 


107 


8 


18 


35 


9 


9 


2<S 


7 


12 


171 


8 


18 


55 


9 


26i 


7 


Total Wtd. Rank 


15 








120 






123 






I35 






135 






102 






117 








Plate Failureo 


2 


lA« 


jf 


I 


10 


65 


3 


6 


2l 


9 


1!? 


31 


6 


12 


tf 


1 


2 


n 


7 


11 


3 


9 


33x 




Percent of speoiraeno 


2 


1/2" 


4 


69 


7 


6 


7 


11 


31 


6 


12 


1 


8 


7 


11 


21 


7 


71 

7S 




tested showing fail- 


2 


3/1" 


53 


4 





32 


6 


12 


15 


5 


10 


i? 


2 


1 


64x 


1 


8 


11 


5 


10 


32 

25 


2 


ures in plate metal 
Total Wtd. Rank 


6 

12 


All 


57 


4 


24 
^6 


55 


1 


21 

18 


25 


7 


12 
81 


5 


10 

58 


3 


18 
36 


31 


6 


* 


7 


8 


3 


All Failures - Percent 


1 


l/*- 


U 7 


6 


6 


S3 


2 


2 


22 


8 


8 


68 


1 


1 


96x 


1 


1 


48 


6 


g 


23 


g 


96x 
106 

100 


1 



of specimens tested 


1 


Mfi 


*3 


2 


2 


69 


1 


1 


66 


1 


1 


106 








57 


5 


5 


76 
50 


2 


1 


57 

2? 


5 
7 
6 


showing failures in 


1 


3/1" 


53 


5 


5 


35 


( 


7 


I] 


5 


5 


100 


1 


1 


80 


3 


3 


plate, bond, or weld 
Total Wtd. Rank 


2 

5 


All 


60 


5 


10 
23 


62 


8 
21 


6 


12 
29 


92 


1 


7 


76 


3 


6 
15 


57 


5 


10 

25 


92 


1 


Maximum Load 


i 


1/4* 


36*40 


2 


2 


1670 


6 


6 


3840 


2 


2 


40 70 


3 


3 


1610 x 


6 


6 


36I0 


2 


2 


1670 

7700 

10680 


^ 


38 40 

6130 
9170 




Average for all 


i 


1/2" 


6*30 


2 


2 


7700 


6 


6 


7250 


5 


5 


7560 


6 


6 


7260 


5 


5 


7300 


5 


5 
1 

8 


6 
9 




specimens tested 
Total Wtd. Rank 


i 
3 


3/1" 


9580 


3 


3 
7 


9230 


2 


if 


10310 


7 


li 


10680 


9 


9 
18 


IO23O 


7 


7 

16 


9170 


1 


1 


Total Weighted Rank 


10 


iA" 






66 






53 






76 






61 






33 






56 
61 
56 




76 
71 
67 


33 

5? 

51 

23I 


for all rating 

Faotors oombined 


10 

10 


1/2" 

jA" 






50 

58 






61 
60 






2 

67 






69 






g 








Total - All Sizes 
Relative Order No. (*) 


20 
50 


All 




(4) 


118 
292 




(5) 


110 

287 




(l) 


150 
367 




(2) 


122 
311 




«) 


90 
23I 




(3) 


121 

302 




150 
367 














Steels Welded ar 


d Tested 


at 70 


°F (Room Temperature) only. 




















Angle at "aximura load 


3 
3 

I 


iA" 

1/2" 

3/1" 

All 


65 
6« 
66 

66-3 


7 
8 
7 

7 


21 
24 

21 
42 


72 
68 
61 

68.0 


10 

8 
6 
8 


21 

18 

18 


61 
67 
66 
61.7 


5 
8 
7 
6 


21 

36 


62 
69 

9.7 


5 
9 
6 
6 


15 

27 
18 

36 


68 
69 

66 
67-7 


8 
9 
7 
8 


21 
27 
21 

18 


69 
6i 
66 
67-7 


9 

8 
7 
8 


11 

21 
18 


72 
69 
66 

68.0 


10 
9 
7 
8 


61 
67 

U.7 


5 
8 

6 


Deviations Below 60° 


3 

1 

6 


lA« 

3/4" 
All 








10 
10 
10 

10 


30 
30 

60 





2 i 


10 

10 

9 

9 


1? 


500 



167 


5 

10 

10 
8 


15 
30 


200 



67 


8 
10 
10 

9 


*1 
30 

K 








10 

10 
10 
10 


30 
30 
30 
60 








10 
10 
10 
10 


30 
30 
30 
60 









10 
10 
10 
10 


500 



25 

167 


5 

10 
9 
8 


Plate Failures 


12 


All 


58 


4 


48 


17 


8 


96 


8 


9 


108 





10 


120 





10 


120 


25 


7 


81 





10 


58 


1 


All Failures 


5 


All 


58 


5 


25 


25 


S 


40 


50 


6 


30 


58 


5 


25 


25 


8 


10 


58 


5 


25 


25 


8 


58 


5 


Maximum Load 


l 
1 

l 


1/4" 
1/2" 
3/4" 


36S7 
6162 
9088 


l 
l 
1 


1 
1 
1 


1685 
7655 
8962 


6 
6 



6 
6 



3603 
6S25 
9738 








3808 

7 288 
100 50 


2 
5 
6 


2 

5 

6 


I36D 

6750 

10050 


1 

3 
6 


1 

3 

6 


3860 
7112 

8962 


2 
1 




2 

1 



1685 

7655 

10050 


6 

6 

6 


3603 
6162 
8962 




1 



Total Weighted Rank 
Relative Order No. (•) 


50 


Total 




(0 


33* 




(2) 


I09 




(5) 


361 




(3) 


392 




(1) 


4I3 




(1) 


3«5 


II3 


33* 
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Table 9 . - ANGLES OF BEHD AT MAXIMUM LOAD. 



Plat© Size 


1/*" 


1/2 M 


3/4" 


All Sizes Combined 


Size 


Steel 


Test 


. Weld Temperature 


•F 




Weld Temperature, 


«? 




Weld Temperature, °F 




WAT at 70°F 


I & T All Temo. 


Steel 


No. & 


Temp 






Rank 












Rank 










Rank 






No, & 


Gond. 


©F 


70 10 o° -io° 


-20 e 




70< 


> 10° 


0« 


-10° 


-20° 




70 • 


10 


0° 


-10° -20° 




Ave . Rank 


Ave . Rank 


Qond. 


139 


70 


47x %K 64x 


59* 


m. 


70x 56x 


57* 


[ 59* 


63* 


9 


68 


66^ 


65x 


64x 67x 


8 


69 .Os 9 




139 


AR 


10 



-10 


66 5^ 

63 65 
65 61 


61 
57 




56 
57 

43 




52 

55 
50 




66 
64 




65 
63 
66 




62 
66 

52 


60 
61 

66 








AR 




-20 


60 51 


55 




55 




56 






60 




60 


63 












Ave. 


All Temperatures 


59s 


4 










56x 


2 








63* 


6 




59. 3* 4 




139 


70 


65 67 66 65 


67 


7 


68 


7ix 


67* 70x 


62x 


8 


66 


66 


& 


62 8 


7 : 


66.3 7 




139 f 


N 


10 


66 00 


65 




64 




69 




63 




62 




64 








1 







64 63 


66 




61 




67 




63 




67 




63 


I 












-10 


66 65 


66 




67 




52 




70 




67 




9 












-20 


63 66 


70 




57 




62 




63 




63 




64 












Ave. 


All Temperatures 


66 


7 










65x 


f 








63 


6 




64,7x 6 




144 


70 


@ 5 ' II 5g 


54 


5 


S6 


54 


56 


60 


57 


2 


Si 


50 


48 


48 51 





56.0 2 




144 


AH 


10 


i 




56 




61 




62 




S7 




60 


59 








AR 







52 45 




§2 




61 




62 




58 




56 


5* 












-10 

-20 


52 5 2 
5& §1 




61 
60 




5 ^ 




63 
62 




55 

60 




s 


| 












Ave. 


All Temperatures 


52 













60 


4 








54 


1 




55.3 2 




144 


70 


72 66 66 65 


63 


10 


68 


60 


66 


67 


64 


8 


64 


58 


58 


60 64 


6 


68,0 8 




144 


1 


10 

.0 

-10 


61 62 

62 59 
61 59 


P 

53 




i 




64 




70 




% 




64 


11 
60 








S 




-20 


56 65 


62 






67 




62 




6& 




64 


58 












Ave. 


All Temperatures 


61 


5 










66 


7 








61 


5 




62.7 5 




lH 


70 


65 — 66 65 


65 


7 


11 


67 


67 


69 


69 


10 


62 


65 


64 


66 63 


5 


67*3 8 




146 


AH 


10 


65 70 


63 




68 




6* 




8 




65 




64 


% 








AR 







65 69 
6$ 59 


63 




74 




61 






65 




63 












-10 


6? 




73 




69 




65 




66 




^ 


63 












-20 


66 63 


64 




72 




70 




63 




62 




63 


61 












Ave. 


All Temperatures 


65 


7 










68 


8 








64 


6 




65-7 7 




14* 


70 


61 67 65 66 


66 


5 


67 


69 


68 


69 


68 


8 


66 


65 


65 


63 64 


7 


64.7 6 




146 


N 


10 




63 70 
67 6? 


65 




72 

70 




69 
70 




70 

67 




64 
64 




62 

if 


62x 
66 








I 




-10 


66 6^ 


6t 




71 




53 




72 




60 




64 












-20 


69 66 


72 




61 




67 




70 




59 




6* 


68 












Ave, 


All Temperatures 


66 


7 










68 


8 








64 


6 




66.0 7 




$ 


S 




1% 63 fo *° 
62 61 


t 

a 


4 


7 2 

65 

It 


56 


58 
67 


62 


59 

65 
69 


10 


s 

65 


59 


11 


62 61 

62 
63 


6 


65-3 7 




147 

AH 




-10 


60 62 


6} 






60 




56 




6S 




i 












-20 


61 64 


6* 




69 




65 




8 




62 




54 












Ave. 


All Temperatures 


62 


5 










6 








60 


4 




62.0 5 




l4 7 


70 
10 


62 64 64 64 


65 


5 


69 


67 


62 


64 


66 


9 


°2 


63 


64 


66 62 


6 


64.7 6 




147 


I 


63 5? 
68 64 


63 




69 




72 




i§ 




59 




65 


66 








l 







6? 




69 




65 




70 




61 




59 


Si 












-10 


6? 65 
64 65 


64 




70 




71 




71 




6 2 
57 




62 


64 












-SO 


* 




56 




75 




67 






66 


58 












Ave. 


All Temperatures 


6 










68 


S 








62 


5 




64.7 




149 


70 


60 75 53 57 


4a 


4 


69 


62 


64 


63 


62 


9 


67 


66 


60 


65 9 


8 


65-3 7 




149 


AR 


10 


60 60 




66 




b( 




5S 




62 




62 








AR 







60 


59 




66 




66 




i 




58 




62 


51 












-10 


go 


61 




70 




59 






So 




59 


55 












-20 


56 


58 




71 




56 




61 




52 




56 


55 












Ave. 


All Temperatures 


59* 


4 










63 


6 








59 


4 




6O.3 4 




149 


70 


6S 63 65 61 


64 


3 


69 


65 


63 


63 


63 


9 


66 


66. 


60 


61 64 


7 


67-7 8 




^ 


1 


10 


65 


60 




69 




66 




1? 




67 




62 


53 













62 


52 




63 




8 






60 




61 


60 












-10 


:: % 


60 




6t 






56 




59 




58 


52 












-20 


41 




71 




58 




II 




57 




54 


57 












Ave. 


All Temperatures 


58x 


3 










6 








60 


4 




60.7 4 




150 


70 


60 55 50 54 
5? 40 

i | 


60 


4 


6^ 


59 


63 


56 


53 


8 


50 


64 


66 


66 63 





59.3 4 




150 


AR 


10 


67 




61 




70 




69 




61 






62 








AE 






-10 


9 




ft 




68 
59 




62 
63 




£1 
51 




ft 












-20 
Ave. 


ill Temperatures 


% 


3 


57 




59 




60 
62 


5 


49 




54 


n 


3 




59.0 4 




150 


70 


69 54 56 60 


49 


9 


68 


61 


63 


62 


8 


8 


66 


64 


64 


64 68 


7 


67.7 8 




x r 


1 


10 


70 72 


69 




66 




72 






67 




62 


61 













68 67 


59 




71 




72 




6* 




62 




61 


59 












-10 


67 59 


60 




69 




69 




l ! 




60 




58 


8 












-20 


60 55 


62 




62 




66 






56 




62 












Ave. 


All Temperatures 


62 


5 










64 


6 








62 


5 




62.7 5 














Baterminatio 


Q of 3 


=lank 












Range 


Under 


53- 


55- 




57- 




59- 




61- 




63 


„ 


65- 


67- 




69- 


71- 


Range 


Subdivisions 


52.9 


( 


?4.9 


56. 


9 


58.9 


60. 9 


62 


.9 


64.9 


66.9 


68.< 


* 


70 .9 


& over 


Subdivisions 


Rank Numbers 







1 


2 




3 




4 




5 






6 


7 


8 




9 


10 


Rank Humbers 
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Table 11. PLATE FAILURE8 , 



fZ 


Test 
Temp. 


Weld Temp 


1/4 


1 








m 


1 






3/V 




ill 


SieQB Ooabined 


— _ 


Steel 

No. 




St a el 
So. & 




Failures 


We 


Id Temp 


. °s 




Failures 


Weld Temp 


. °T 


Failures 


Weld Tssup. °F 




Failures 


Welded & 
Tested 
at 70 »F 




Ocnd. 


°F 


70 


10 


- 


10 - 


20 


Tot. £ 


70 10 - 


10 - 


20 


Tot. 


i 


70 10 


- 


10 -20 


Tot. 


* 


70 10 -10 - 


20 


Tot. £ 






n -n 


lo 


4 

I 


4 


it 


2/2 


4 
4 


lSx 100 
11 92 


4 
4 


2 it 


4 


I 


ll 


85 

100 



2 


3 


1 


2 1 
1 


8 
7 


40 
fa 


8 






5? g 




*a 











4 




4 


12 100 


4 


4 




4 


12 


100 


1 




2 


2 


5 








29 81 




» 






-10 

-20 


4 
4 




4 
4 




4 
4 


12 100 
12 100 


it 


i 

4 




4 

4 


12 
12 


100 
100 


2 

3 




it 


i 


10 


?3 








P I 2 








Total Failed 


19 


4 


20 


2 


20 


65 


20 


2 20 


4 


19 


<% 




8 


3 


16 


2 10 


2 




*7 


9 56 8 


49 


169 




8 






Total Tested 








X 




65 










6& 












68 










202 




12 






£ Failed 


95 




100 


100 


98 


100 


100 




95 




96 


4o 




80 


50 




57 


78 


93 


g2 


84 


67 






Rank 






































4 










1 


3 






139 70 
I 10 


3 








1 


1 


5 25 


4 


2 I 


1 


1 


11 


55 








1 


3 


4 


20 


7 






20 


13 




x ? 




1 




4 




1 


6 50 
5 42 

I ?5 


4 




3 


11 


92 


2 




2 


2 


6 


50 








I? ! 

25 < 







-10 

-20 


2 
1 
2 




1 
3 




2 

4 


2 
3 

3 


I 

4 




3 


8 
1? 


67 
75 
92 


2 
2 

1 




3 


1 

4 


8 

10 

8 


§ 7 
1? 








>8 

?! 








Total Failed 


9 





ll 


1 


10 


31 


IS 


2 18 


1 


13 


§2 




7 





13 


16 


8 




32 


2 42 2 


39 


117 

204 




7 






Total Tested 












gS 










68 












68 












12 






£ Failed 
Bamk 


45 




55 




50 


46 
5 


50 


90 




65 




7* 
2 


35 




65 


80 




5 l 


53 


70 


65 


1 


5 S 


5 f 






144 70 
AR 10 


4 

4 


4 


4 
4 


4 


4 
4 


20 100 
12 100 


4 

4 


* I 


4 


4 
4 


19 
12 


JS 


2 

2 


^; 


4 
3 


' s 


l i 


9 


10 






32 


[3 




144 
AR 







4 




4 




4 


12 100 


4 


4 




4 


12 


100 


4 




2 


10 


83 








34 










-10 


4 




4 




4 


12 100 


4 


4 




4 


12 


100 


2 




I 


4 


9 


75 








33 


?2 
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on the range of values found for each size, afford an approximate 
basis for comparison. 

To determine the rank numbers, the total range of the property 
under consideration was divided into 11 subdivisions, which were 
given consecutive rank numbers from to 10. A rank of was 
assigned to the subdivision at the least desirable end of the range 
and a rank of 10 to that in the most desirable end of the range of 
values. High rank numbers then indicate the best steels, as judged 
on the basis of this particular property. The rank numbers also 
afford a means for comparing the effect of testing conditions, such as 
temperature of welding and testing, plate thickness, and heat treat- 
ment, since all of the rank numbers for any property were based on 
the same table of range subdivisions, except in the case of maximum 
load (taoie 8), in which different ranges were used for the different 
plate thicknesses. 

These rank numbers for a particular property are used to indicate, 
by small numbers, which are easily compared, the relative merit of 
the steels under different conditions. These rank numbers are used 
also in the determination of the weighted rank (tables 14, 15, and 16), 
in which several rating factors are considered. 

The maximum load usually increased with increase in thickness of 
the plate. The maximum loads for the normalized steels were gen- 
erally lower than for the specimens of corresponding steels in the 
as-rolled condition. 

The data of table 8 are shown graphically in figure 9, in which the 
average loads of each of the three thicknesses of plates are shown 
by means of the lengths of their respective bars. 

Figures 10 and 11 show, respectively, the variation of maximum 
load with testing temperature and with the temperature at which 
the specimens were welded. The three groups of curves in each 
column represent the three plate sizes, %, %, and % in., reading from 
top to bottom. The data given in figure 9 are also shown in these 
figures by the double circles in the left of each column. The small 
"x" indicates that the data are incomplete for these points. 

These two figures indicate that the maximum load increased as the 
temperature of testing was reduced from room temperature to —20° 
F, but that the relation between maximum load and the temperatures 
at which the specimens were welded was entirely random and in- 
dependent of the testing temperature. 

2. ANGLE AT MAXIMUM LOAD 

The angles at maximum loads for each of the six steels under dif- 
ferent conditions of welding and testing are given in table 9. The 
values are the average angles for four duplicate specimens tested 
under the same conditions. In each of the large boxes under the 
respective plate-size headings, the average angles for the respective 
welding temperatures indicated in the top box are read horizontally, 
and the variation with testing temperature, given in the second column 
of the table, is read vertically. The value in the upper left-hand 
corner of each box represents the average angle for the four specimens 
welded and tested at room temperature. The average angle for 
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all specimens of one size and condition (normally 68) in the 17 com- 
binations of welding and testing temperatures is given in the lower 
right-hand corner of each box. The relative rank of the steels is 
indicated in the columns headed "rank"; the rank for the room- 
temperature tests is found at the top of each small box, and that for 



MAXIMUM LOAD 

THOUSAND POUNDS 







Figure 9. — Maximum loads. 

Double cross-hatched bars — as-rolled plates, all combinations of welding and testing temperatures. Double 
black bars— normalized plates, all combinations of welding and testing temperatures. Single cross- 
hatched bars— as-rolled plates, welded and tested at 70° F. Solid black bars— normalized plates, welded 
and tested at 70° F. 

the average of all combinations of welding and testing temperatures, 
at the bottom of the box. 

The average angle and the rank for the three plate sizes combined 
are given in two columns at the right of the table, for the specimens 
welded and tested at room temperature (70° F) and for the average 
of all temperature combinations. 
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The principal data of table 9 are shown graphically in figure 12. 

For specimens welded and tested at 70° F, the bending angles for 
all thicknesses were approximately the same for the as-rolled and 
normalized conditions. One outstanding exception was steel 144, in 
which the angles were considerably greater for the normalized con- 
dition than for the as-rolled condition. From tensile^and microscopic 
studies it was believed that when rolled this steel had been finished 
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Figure 10. — Relation of maximum loads to testing temperatures. 

"cold." This apparently contributed to the great differences in 
bending angles in the two conditions. The different sizes of plates 
were rolled from different heats of steel. 

The %-in. plates of steel 149 and the %- and %-in. plates of steel 
150 likewise bent to greater angles in the normalized condition than 
in the as-rolled. The plates were rolled from different heats. 

Steels 139, 146, and 147 had uniform bending angles in the as-rolled 
and normalized conditions. 

The variation in angle at maximum load with testing temperature 
is shown in figure 13, in which are plotted results of tests of speci- 
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mens welded at 70° F and at —20° F in both the as-rolled and the 
normalized conditions and tested at different temperatures. These 
results show that the trend is toward lower angles at lower testing 
temperatures. This tendency is less marked in steels 139, 146, and 
147 than in the others, indicating that testing temperatures have 
less influence on the angles at maximum load in these steels than 
on the other three. 
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Figure 11. — Relation of maximum loads to welding temperatures. 

The variation in angle at maximum load with welding tempera- 
tures is shown in figure 14, in which are plotted results of tests of 
steels welded at various temperatures and tested at 70° and —20° F 
in both the as-rolled and the normalized conditions. These results 
show that there is a slight tendency toward lower bending angles 
at lower wielding temperatures, although the trend is not well marked. 
In general, low testing temperatures appeared to have more effect 
on bending angles at maximum load than the temperature of the plates 
before welding. 
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In the use of any statistical method of analysis for interpretation 
of data, some precaution must be taken to insure credit being given to 
the material which is uniform in properties as compared with one which 
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may have a high average for properties, but scatter considerably 
between the extremes. For this reason, a system was devised which 
would penalize in a final rating any lack of uniformity in angles at 
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maximum load for duplicate specimens in each group, although the 
average angle of a group might have been high. The deviations 
in angles are given in table 10. The values in the large boxes are 
the sums of the deviations below 60° of the angles for the individual 
specimens, tested at the combinations of welding and testing temper- 
atures indicated respectively in the heading and the second column 
of the table. That is, if, for an individual specimen, the angle at 
maximum load is less than 60°, the difference, or 60° minus the 
angle, is taken as the deviation; if the angle is 60° or more, it is dis- 
regarded, since the interest is only in those specimens which show 
a low angle. The angle 60° was chosen arbitrarily as a value high 
enough to include any significantly low measurements of the angle, 
but not so liigh as Jto include average or above-average values, since if 
all of the angles showed a negative deviation from the reference 
angle, the average of these deviations would merely be another way 
of stating the average angle. 

The figures in the large boxes of the table then represent the sum 
of these negative deviations for the four specimens tested at each 
temperature combination; if less than four specimens were tested, 
the figure appears as a fraction, the denominator representing the 
number of specimens. In the lower right-hand corner of each box 
the total deviation for all specimens is shown as the numerator of 
a fraction, the denominator representing the total number of 
specimens. 

The rating is this fraction multiplied by 100 — expressed mathe- 
matically, the rating is 1002(60°— A) IN, where A is the angle at 
maximum load for each individual specimen in which this angle is 
less than 60° and N is the total number of specimens. The rating 
and the rank for the specimens welded and tested at room tempera- 
ture are shown in the top part of the smaller boxes; and for the average 
of all temperature combinations in the lower part of these boxes. 
The rank is determined from the range of ratings by reference to the 
tabulation at the bottom of the table, as outlined in the discussion 
of table 8. It should be noted in this case that a high rating of 
deviations is undesirable; hence the rank numbers are assigned in 
reverse order, so that steels with low deviations have high rank 
numbers. The data of this table are shown graphically in figure 15, 
in which the length of the bars is proportional to the average devia- 
tion below 60° of the individual maximum load angles for the test 
groups indicated in the columns at the left. A long bar, indicating 
a large average deviation below 60°, may mean that the average 
angle is low; but if the average angle, as shown in figure 12, is above 
60°, the deviations or scatter of the individual measurements are 
large. Either of these conditions is undesirable from the viewpoint 
of reliability of the weld as indicated by the angle at maximum load, 
so that in this figure a short bar indicates a steel with reasonably 
consistent bending angles and with an average angle above 60°. 

3. FAILURES 

Failures in the bend test occurred in three locations: (1) in the 
plate metal; (2) in the bond zone; and (3) in the weld metal. Failures 
in the plate metal were considered the least desirable. Table 11 lists 
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the number of failures in the plate metal and table 12 in the bond zone 
and weld metal. 

If both a plate failure and a bond or weld failure were observed in 
the same specimen, both failures were recorded in the respective tables. 
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The figures in the upper part of the large boxes represent the number of 
specimens which failed under the test conditions indicated in the col- 
umn heads and the columns at the left. Four specimens were tested 
for each set of conditions, unless otherwise indicated by a fraction, 
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in which the numerator represents the number of specimens which 
failed, and the denominator the number tested. The figures at the 
bottom of each box represent the percentage of failures for the entire 
groups of specimens welded at a given temperature and tested at all 
temperatures. The percentage values in the columns to the right of 
the boxes indicate the percentage of failures in the group of specimens 
tested at the given temperature but welded at different temperatures. 
At the bottom of these columns is the percentage of failures in the entire 
group, welded and tested at all temperature combinations, followed 
by the rank determined from the tabulation at the bottom of the sheet. 
The data for "all sizes combined" are obtained by cross-addition of 
the corresponding totals for each of the three sizes. The last column 
gives, for the specimens welded and tested at room temperature, the 
data indicated by the subheads in the first column, for all sizes com- 
bined. 

Table 13 summarizes the results given in tables 11 and 12. The 
total is greater than 100 percent in several instances, because several 
of the specimens showed both types of failure, which were tabulated 
separately in tables 1 1 and 12. The data in table 13 are shown graph- 
ically in figure 16, and the variations in percentage of failures with 
testing and welding temperatures are shown in figures 17 and 18. 

The percentage of plate failures is highest in the %-in. thicknesses 
and lowest in the K-in. thicknesses in the as-rolled condition. In 
normalized plates, the percentage of plate failures increases as the 
plate thickness increases, being lowest in the #-in. plates and highest 
in the %-in. plates. There were fewer plate failures in the normalized 
condition than in the as-rolled condition. 

Usually bond or weld failures did not occur when there was an early 
plate failure; therefore if there were many plate failures, there were 
few bond or weld failures. Probably for this reason the average 
percentage of bond and weld failures in }{- and %-in. thicknesses was 
higher in the normalized than in the as-rolled condition. 

In the as-rolled plates, the percentage of bond and weld failures was 
low in the %- and %-in. thicknesses and relatively- high in the K-in. 
thicknesses. In the normalized condition there were fewer bond and 
weld failures in the %-in. than in the %-m. thicknesses. 

All failures, including both plate and bond or weld failures were 
highest in the K-in. thicknesses both as-rolled and normalized. Nor- 
malized plates, in general, had fewer failures of all types than as-rolled 
plates, in all thicknesses. 

The number of plate failures increased, in almost every case, as the 
testing temperature was decreased. This increase was slightly more 
pronounced in the normalized than in the as-rolled condition. 

The relation between plate failures and temperatures at which the 
plates were welded is not so pronounced as the relation to testing tem- 
peratures, but there was a slight increase in number of plate failures for 
specimens welded at lower temperatures. 

The relationship of bond and weld failures to the welding and testing 
temperatures is overshadowed by the increase in plate failures at the 
lower temperatures. This has a decided effect on the number of bond 
or weld failures. 

There is no indication, from these results, of any critical region 
of either welding or testing temperature, in the range 70° to —20° 
F., at which there was a sudden increase in the number of failures. 
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Considering all sizes combined and the averages of all combinations 
of welding and testing temperatures, steel 146 had the smallest number 
of plate failures and of all failures combined, in both the as-rolled and 
the normalized conditions. Plate failures were greatest in steel 144 
in the as-rolled condition and in steel 149 in the normalized condition. 
Total failures were highest in steel 147 in both the as-rolled and nor- 
malized conditions, although most of these failures were in the bonds 
or welds. 
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Figure 16. — Failures of specimens. 

Double cross-hatched bars— as-rolled plates, all combinations of welding and testing temperatures. Double 
black bars— normalized plates, all combinations of welding and testing temperatures. Single cross- 
hatched bars— as-rolled plates, welded and tested at 70° F. Solid black bars— normalized plates, welded 
and tested at 70° F. 



The relative merit of each steel as determined by the percentage of 
plate failures and the relation of plate failures to chemical, hardness, 
and tensile properties for each size separately will be considered in a 
later section. 

Fractures in the T-bend specimens were classified as follows: 
Type I. A crack which started in the bond zone at the toe of the 
fillet and followed the fusion zone under the weld, but did not turn 
into the plate metal. 



Tee-Bend Test for Welding Quality of Steels 25 



STEEL NO. 139 



s: 







> PLATE FAILURESO 



A S ROLLEO — 

NORMALIZED— 



1/2" PLATE 








Figure 17. — Relation of percentage of failures to testing temperatures. 
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Type II. A crack which started at the toe of the fillet and extended 
either directly into the plate metal or followed the fusion zone for a 
short distance and then turned into the plate. This type of fracture 
progressed gradually without sudden or sharp rupture of the plate 
metal. 

Type III. A sudden or sharp crack which generally started at the 
toe of the fillet and extended into the plate. 

Typical fractures are shown in figures 19 and 20. Figure 19 (A) 
shows a specimen which did not fail but bent to the capacity of the jig. 
Figure 19 (B, C, and D) show type I fractures which extended along 
the fusion zone but did not turn into the plate. Figure 19 (E) is a 
composite fracture which started as a type I fracture, tearing both 
fillets from the plate, then turned into the plate and became a type II 
fracture. Figure 19 (F) is a type II fracture which started as type I 
and then extended gradually into the plate, fracturing it completely 
on one side and almost completely on the other side. Figure 20 
(<? and H) are type III fractures, figure 20 (6-) also contained a weld 
fracture which started in a blowhole. Figure 20 (I) is a type III 
fracture which broke through the plate suddenly and completely 
with a sharp report. Figure 20 (J, K, and L) are failures which are 
occasionally found in laminated plates. The plate shown in Figure 
20 (K) separated completely at a large lamination without transverse 
fracture of either plate or weld metals. The T-member shown in 
Figure 20 (i) contained a lamination which separated without 
failure of plate or weld metals. 

V. DISCUSSION 

Because of the large number of specimens and the number of differ- 
ent conditions under which the tests were conducted, a statistical 
method of evaluation of the data was deemed desirable. The number 
of specimens tested under each condition was small, only four. The 
rating method was based on a consideration of all of the conditions 
rather than on a large number of results from any one given condition . 
Several factors were either measured or noted during the investigation, 
and these were believed to have contributed to the welding quality of a 
steel to different extents. The final weighted rating then had to 
contain a consideration of all contributing factors. 

During the course of investigation, several steels were eliminated 
from further consideration because of early failures or because of some 
other factor. These steels are not considered in the rating charts 
given below, but are discussed in section VI. 

In tables 14 and 15 are summarized, for the as-rolled and the 
normalized conditions, respectively, the ratings and rank numbers 
derived in the preceding tables from the various measurements and 
observations of the T-bend tests. The weighted rank calculated from 
a combination of the various rating factors is also given. The data 
in the upper part of each table are the averages of the 17 test groups 
for all combinations of welding and testing temperatures. In the 
lower part of the tables, the data represent the single test groups of 
four specimens for each plate thickness, which were welded and tested 
at room temperature. 

The second column in each table gives the weighting factor assigned 
to each basis of ratine: shown in the first column. These weights 
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Figure 19. — Typical fractures of J -bend specimens. 

A, No failure. B, Slight bond failure, both sides; type I fracture. C, Complete bond failure, following line 
of fusion; type I fracture. D, Bond failure, complete; gradual failure along heat-affected zone; type 1 
fracture. E, Bond failure, complete, both sides; plate failure, two-thirds, originating in bond; types 1 
and II fractures. F, Plate failure, complete, both sides; started as bond failures, then turned into plate; 
type II fracture. 



Journal of Research of the National Bureau of Standards 



Research Paper 1 444 



HMHH 



H 



\ 




J 



K 



) 




L 



Figure 20. — Typical fractures of T -bend specimens. 



G, Weld failure, complete through blowhole; plate failure, two-thirds, sharp under opposite fillet; type III 
fracture. H, Plate failure, one-half, sharp; bond failure complete along tongue of specimen; type III 
fracture. 7, Plate failure, complete, sharp; tongue broken by impact at failure of plate; type III fracture. 
J, Plate failure, one-half, laminated plate, failed by separation of laminations. K, Laminated plate, failed 
by separation and buckling without transverse cracking. L, Stresses relieved by opening of lamination 
in tongue; no failure in plate metal, bond zone, or weld metal. 
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were adjusted so that the sum of the weighting factors for each plate 
size would equal 10, allowing a maximum possible weighted rank of 
100, since the highest rank number is also 10. The sum of the weight- 
ing factors for all sizes combined was made equal to 50, by assigning 
appropriate weights to the averages of the various ratings for all 
thicknesses of each steel. 

The largest weight was given to the ratings based on the angle at 
maximum load, which is the most accurate of the measurements in the 
T-bend tests, and probably the most significant, since any kind of 
failure at a small angle of deflection resulted in a low angle at maximum 
load. Two ratings are based on this measurement: (1) the average 
angle, and (2) the average deviation below 60° of the angle measure- 
ments for individual specimens. This latter rating assigns a lower 
rank to steels for which the angle at maximum load was below 60° for 
any individual specimen, thus penalizing n on uniformity as well as 
a low average angle. 

The percentage of plate failures was given less weight, because the 
angle of deflection at failure is a factor which was not considered. 
This angle was recorded in most of the tests, but it could not be deter- 
mined accurately in the low-temperature tests, where the specimen 
was immersed in liquid; and even in the tests at room temperature 
the determination of the exact beginning of the failure, which was 
often very gradual, depended largely on the opinion of the observer. 
At times the beginning of the failure could not be observed, particularly 
if it started at the back of the specimen on the side opposite to the 
observer. 

Failures in the bond or weld metal were not considered separately 
in this determination of the weighted tank, because they do not de- 
pend entirely on the character of the plate metal. These failures 
appeared to be more or less of a residual type, that is, specimens 
which did not fail in the plate metal often failed in the bond or weld 
at high angles of deflection. However, a failure in the bond or weld 
relieved internal stresses in the specimen, and thereby tended to re- 
duce the probability of a plate failure. Therefore, the rating on all 
failures, which includes both plate failures and bond or weld failures, 
was given a small weight in the determination of weighted rank. 

The smallest weight was given to the rating based on the measure- 
ment of maximum load. A high maximum-load rating would appear 
to be desirable for welded structures, but frequently a high load 
rating was associated with a low angle at maximum load in brittle 
steels, resulting in sharp, complete failures of the plate metal. The 
maximum-load measurements are not particularly significant, except 
for comparing specimens cut from the same plate, since this load is 
approximately a function of the cross-section area of metal at the 
joint, which could not be measured accurately because of slight 
variations in size and shape of the weld fillets. This effect cannot be 
evaluated by ordinary or simple measurements. For these reasons, 
the rating based on the maximum load was given only a small weight, 
and was included mainly for the purpose of making the summary 
complete, rather than for its effect on the total weighted rank. 

In the body of each table (14 and 15), the first two columns under 
each steel number in the heading show the rating and the rank number 
for each of the rating factors, taken from the preceding tables. The 
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weighted rank in the third column is obtained by multiplying the 
rank number by the weight assigned in the second column of the table. 

The numbers in parentheses at the bottom of each section of the 
table give the relative order of merit of the six steels, as determined 
by the total weighted rank for all thicknesses combined. 

A summary at the right of each table gives the highest and the 
lowest values of the several ratings and rank numbers of each steel. 

The method of determination of the weighted rank can perhaps be 
best explained by taking one steel as an example and following it 
through each of the steps necessary to determine the weighted rank. 

Steel 139, as-rolled, is the example used. The summary of ratings 
and the rank numbers for this steel, and the weighted rank determined 
from these rank numbers, are found in the fourth, fifth, and sixth 
columns in the upper portion of table 14. The fourth column gives 
for each basis of rating indicated in the first column the rating for 
each size and in most cases for all sizes combined. The fifth column 
gives the rank number associated with each rating. The rating and 
rank numbers are taken from tables 8, 9, 10, 11, and 13. The sixth 
column gives the weighted ranks as obtained by multiplying the rank 
numbers by the weighting factor shown in the second column of 
table 14. 

The first basis of rating considered is the average angle at maximum 
load, for all specimens tested in each plate thickness and including all 
combinations of welding and testing temperatures. The ratings and 
rank numbers for angles of bend at maximum load are found in table 
9. The average angle at maximum load for all combinations of weld- 
ing and testing temperatures (abbreviated: "av. all temperatures" in 
table 9) of %-in. thicknesses of steel 139 AR was 59°. From the sec- 
tion for determination of rank at the bottom of table 9, it is found 
that an angle of 59° corresponds to a rank number 4. Similarly, for 
the K- and %-in. thicknesses with angles of 56° and 63°, respectively, 
the rank numbers are 2 and 6. For all sizes combined, specimens 
welded and tested at all temperatures (the column at the right of 
table 9,) the average angle is 59.3° and the rank number, 4. 

In table 14, the weighted ranks (column 6) for the %-, %- and %-in. 
thicknesses are found to be 12, 6, and 18, respectively. These were 
found by multiplying the respective rank numbers (determined as ex- 
plained above in table 9) for each thickness by the weight factor 3. 
For all thicknesses combined, the rank number 4 is multiplied by the 
weighting factor 6, yielding 24 as the weighted rank. The sum of 
these four weighted ranks is 60, which may be compared with the 
values 27, 105, 75, etc. derived in a similar manner for the other steels. 

The rating and rank numbers for deviations of individual angles 
below 60° are found in table 10. The rating numbers in this table 
represent the total of all deviations of angle of bend below 60° for 
the individual specimens, divided by the total number of specimens. 
These rating numbers were multiplied by 100 to eliminate decimals. 
It will be noted that although the data for steel 139 are incomplete, 
this rating is in the form of an average for the specimens tested and 
the rating would not be affected except insofar as the average of the 
missing specimens might differ from the average of the specimens 
tested. The weighted rank for deviations was obtained in the same 
manner as that for average angle. 
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The percentage of plate failures is given in table 11, and the rank 
numbers were taken from the tabulation at the bottom of this table. 
A summary of plate failures and rank numbers is given also in table 13. 
For plate failures, a weighting factor of 2 was used for each thickness 
and of 6 for all thicknesses combined. 

The ratings for all failures in table 13 were obtained by adding the 
percentages of plate failures and of bond or weld failures. The rank 
numbers for all failures were determined from the tabulation of range 
subdivisions at the bottom of this table. A weight of 1 was used for 
calculation of the weighted rank for each thickness and a weight of 2 
for all thicknesses combined. 

For maximum load, the values in the "rating" (fourth) column 
represent the average maximum load, in pounds, of all specimens 
(in all combinations of welding and testing temperatures). These 
averages are given in table 8, and the rank numbers were obtained 
(separately for each thickness of plate) from the summary at the bot- 
tom of this table. A weight of 1 was assigned to the maximum load 
for each thickness; and since the average maximum load of all 
sizes combined has no particular significance, no rating was given in 
this case. 

In the last section of the upper portion of table 14 are given the 
total weighted ranks for each thickness, for all thicknesses combined, 
and for the grand total. The total for each thickness is found by 
adding the weighted ranks for each of the five rating factors. For 
example, for the %-in. thickness of steel 139, the weighted ranks are: 
12 for the angle, 18 for deviations, for plate failures, 1 for all failures, 
and 2 for maximum load — a total of 33. This value may be used to 
compare the various thicknesses of the same steel or to compare 
different steels. For example, the %-in. thickness of steel 139 has a 
higher weighted rank, 33, than that of the %-in. thickness, 18, but not 
so high as that of the %-in. thickness, 60. Therefore, the %-m. plate 
may be considered to have a better welding quality than either the 
%- or K-in. plates and the %-in. plate to have a better welding quality 
than the %-in. plate. Similarly, comparing the K-in. plates of differ- 
ent steels, it will be seen that steel 146 with a weighted rank of 71 
and steel 144 with a weighted rank of 14 represent the extremes of the 
steels tested and that the welding quality decreases from steel 146, 
the most weldable, to steel 144, the least weldable. 

The grand total (181 for steel 139) is the sum of the total weighted 
ranks for each of the three plate sizes and for all plates sizes combined, 
and is also the sum of the total weighted ranks for the five rating 
factors. 

The value cr (5)" at the bottom of the "rank" (fifth) column in- 
dicates that steel 139 was fifth in relative order of the six steels in the 
as-rolled condition under all combinations of welding and testing 
temperatures. 

The weighted rank for tests at room temperature only, shown in the 
lower part of table 14, was calculated in a similar manner. The 
rating values for specimens welded and tested at room temperature 
are found in the tables indicated above, and the rank numbers were 
determined in the same manner. 

Only four specimens of each plate thickness were tested at room 
temperature, and since this number is too small for the percentage 
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to be significant, the ratings for plate failures and for all failures were 
calculated for all thicknesses combined. In these two cases, the 
weighting factor was adjusted so that the weighted rank for all 
thicknesses combined in the tests at room temperature may be com- 
pared with the total weighted ranks for plate failures and for total 
failures, respectively, in tests under all temperature conditions. 

The data for the angle at maximum load in the room-temperature 
tests of the }{-m. thickness of steel 139, as-rolled, are missing. To 
complete the calculation of the weighted rank, a rank number equal 
to the lowest rank number for the other two thicknesses was arbitrarily 
assigned for the angle and for the deviation, which is dependent upon 
the individual angles. These rank numbers are indicated by stars. 

For the three other factors, the rating, rank, and weighted rank 
for each thickness in the tests at room temperature may be compared 
directly with the corresponding values for tests under all temperature 
combinations. Such a comparison shows that, for each of the weight- 
ing factors considered, steel 139, as-rolled, shows to better advantage 
at room temperature than in the low-temperature tests. 

This method of analysis of data was devised to compare the welding 
qualities of the various steels. The steels may be directly compared by 
means of any one of the five rating factors, by any combination of 
them, or by all of them taken together, depending upon which factors 
may be considered to be the most important in the conduct of a test. 

The summaries of the ratings and the weighted rank given in tables 
14 and 15 are shown graphically in figure 21. The left half of the 
chart shows the weighted rank of all thicknesses combined, for each 
steel in the as-rolled and the normalized, conditions, and for the tests 
at room temperature as well as at all combinations of welding and 
testing temperatures. The right half of the chart shows the weighted 
rating for each plate thickness, in both as-rolled and normalized con- 
ditions. These ratings are for the average of tests at all combinations 
of welding and testing temperatures. Tests made at room tempera- 
ture only are not considered for each thickness separately, because 
only a small number of specimens was tested. 

The several components of the weighted rating are indicated by 
different shadings of the bars, and the relative weight assigned to 
each factor is shown in the legend at the bottom of the chart. 

In table 14, the upper portion is devoted to welds made and tested 
at all temperatures while the lower portion contains results of tests of 
steels welded and tested at room temperature only. For steels welded 
and tested at all temperatures, the values, last line, for total weighted 
rank range from 121, for steel 144, to 336 for steel 146. For steels 
welded and tested at room temperature onlv, the total values range 
from 143, for steel 144, to 430 for steel 146.~ 

The values for all steels are higher under room-temperature condi- 
tions than under lower temperature conditions except for steel 150, 
which was slightly lower in the room-temperature tests. This indi- 
cates that welding and testing at low temperatures caused a decrease 
in the bending properties of welded steels. Steel 150, which contained 
approximately 2 percent of nickel, might be expected to have good 
bending properties at low temperatures because of the well-known 
beneficial effect of nickel on the physical properties at subnormal 
temperatures. However, other steels also contained nickel in about 
the same amount, and these had decidedly lower bending properties 
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at low temperatures than at room temperature. Closer examination 
of the data for the individual thicknesses of steel 150 indicates, how- 
ever, that for the %- and K-in. plates, the average angles were higher 
and the deviations below 60° were lower at room temperature than at 




lower temperatures. Calculation of the weighted rank for the indi- 
vidual thicknesses in the tests at room temperature (not shown in the 
table) showed that in the %- and the %-in. thicknesses, the weighted 
ranks for tests at room temperature were higher than for tests at all 
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temperature combinations. For the %-in. thicknesses, however, the 
weighted rank was much lower, and this thickness alone lowered the 
weighted rank of all sizes combined, in the tests at room temperature. 
The low rank for the %-in. specimens tested at room temperature was 
due to the extremely low angles at maximum load. One specimen 
containing a plate lamination failed at an angle of 35°, and the angle 
at maximum load for tbe other three specimens ranged from 52° to 
57°, an average of 50° for the four specimens tested. There was a 
wide and erratic variation of the angles at maximum load for speci- 
mens of this steel tested at other combinations of welding and testing 
temperatures, as shown in table 9 and in figures 13 and 14. The low 
rating of the %-in. specimens of steel 150 in tests at room temperature 
was due to nonuniformity of this steel, which has been discussed 
previously. 

The relative order of total weighted rank (small numbers in paren- 
theses, last line of both upper and lower portions of table 14) differed 
considerably for tests made at room temperature and for those made 
at all temperatures. Based on these order numbers, steel 146 ranked 
first and steel 144 last (sixth) in both cases. However, steel 139, 
which had order number 2 in room-temperature tests, was fifth in 
tests under all temperature conditions, while steels 147 and 150 had 
lower order numbers in tests at all temperatures than at room 
temperature. 

Steel 146 bad a total weighted rank of 430 when welded and tested 
at room temperature and 336 at all temperatures. Only steel 139 
welded and tested at room temperature had a higher total weighted 
rank than steel 146 at all temperatures. 

Results for the specimens from normalized plates welded and tested 
in all temperature conditions (table 15 and fig. 21) indicated that 
the total weighted rank for all sizes combined was higher in every 
case than for the same steel in the as-rolled condition. The weighted 
rank for steel 149 in the normalized condition was only slightly greater 
than in the as-rolled plates, with the result that relative order number 
of this steel dropped from 3 in the as-rolled condition to 6 in the nor- 
malized. Except for this difference, the relative order numbers of all 
steels were the same in the normalized condition as in the as-rolled 
condition for tests at all combinations of welding and testing 
temperatures. 

A comparison of results of tests at room temperature with those at 
all temperature combinations, for normalized steels, shows that with 
the exception of steel 146, all steels had lower weighted ranks in tests 
at all combinations of welding and testing temperatures than at room 
temperature only. Steel 146 had practically the same value in both 
cases. 

In the normalized condition, steel 149 was first in relative order 
for material welded and tested at room temperature only but was last 
for tests at all temperature combinations of welding and testing. 
This indicates that the bending properties of this steel were adversely 
affected by both welding and testing at low temperatures. Reference 
to figures 13, 14, 17, and 18 indicates that the lower number for this 
steel at all combinations of welding and testing temperatures was due 
mostly to the behavior at the low testing temperatures, although in 
the K-in. thicknesses there was a definite decrease in the angle at 
maximum load and an increase of plate failures, at low welding tern- 
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peratures. There may be some relation between low order numbers 
for this steel at low testing temperatures and the unusually small 
improvement of welding properties on normalizing. There was 
nothing unusual in the tensile or hardness properties, or in the changes 
of these properties on normalizing, to indicate that the change of 
welding quality on normalizing should be different than for the other 
steels. The tensile properties at low temperatures were not measured. 
It may be significant that this steel was the only one containing a 
large amount of phosphorus. 

A comparison of the ratings in the as-rolled and the normalized 
conditions for tests at room temperature only (tables 14 and 15 and 
fig. 21) indicates that steels 139 and 146 had lower weighted ranks in 
the normalized condition. The weighted ranks for all other steels 
were higher in the normalized conditions than in the as-rolled condi- 
tions, much higher in steels 144 and 150. Since the ratings of the 
normalized steels welded and tested at room temperature were all 
comparatively high and cover only a limited range, the relative order 
is not of particular significance. 

The lower rating of normalized steel 146, in room-temperature 
tests, is due in large part to the low rating of the %-in. thickness, 
caused by a bond failure of one of the four specimens at an angle of 
40°. Since this steel was quite uniform, the low angle for this speci- 
men was probably due to a weld defect. 

The rating for the tests at room temperature for steel 139, as-rolled, 
may be too high, because some of the data were incomplete and the 
method of computing the angles was changed after the first few tests. 

The ratings for steel 144, as-rolled, were consistently much lower 
than the ratings for the normalized condition. This obtained for all 
thicknesses and for tests made at low temperatures as well as at room 
temperature. This steel had considerably lower yield point and ten- 
sile strength in the normalized than in the as-rolled condition, in- 
dicating a considerable amount of rolling hardening. It would 
appear, therefore, that the considerably larger weighted rank for steel 
144 normalized was due to actual improvement of welding quality by 
the normalizing treatment. This steel had many manganese sulfide 
inclusions and was the "dirtiest" of the six steels. 

The low rating of steel 150, as-rolled, in room temperature tests 
has been attributed, previously, to nonuniformity of the steel. In the 
normalized condition, the angles at maximum load were considerably 
higher and more uniform than in the as-rolled condition, indicating 
that the plates were made more weldable by the normalizing treatment. 

The relative order of the steels in each thickness and condition and 
the total weighted ratings of the different thicknesses and conditions 
of treatment for each steel are shown more clearly in the upper part of 
figure 22. The left half of the chart shows the comparative ratings of 
the various sizes of each steel for the as-rolled and the normalized 
conditions, and on the right half is shown the effect of normalizing the 
plates before welding. In each column of the chart, the steel numbers 
are shown opposite the respective ratings for the size and condition 
indicated in the column heads, and lines are drawn to connect the 
corresponding steel numbers in each of the columns which are to be 
compared. The average for the six steels is given in each column, 
and these average values are connected by dotted lines. 
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Figure 22. — Comparison of ratings and methods of weighting. 
Steels welded and tested at all temperatures. 

The comparisons between the different thicknesses of plates show 
that for most of the steels the highest ratings were found in the }{- 
in. thicknesses, in both the as-rolled and the normalized conditions. 

An attempt was made to find a relation between the ratings for each 
thickness of each steel and the depth of heat penetration in the plate. 
The maximum penetration was measured on macrographs of the 
specimens welded at room temperature. There was no correlation 
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between the maximum heat penetration and the ratings for tests 
made at any temperature. 

The effect of normalizing as measured by the weighted rank is 
shown in the right half of figure 22. In all cases except two, the weight- 
ed rank for the normalized plates of one size of a steel is higher than for 
the as-rolled plates. It is noted also that steels having the lowest 
weighted ranks in the as-rolled condition showed the greatest improve- 
ment after the normalizing treatment. The %-in. plates of steel 139 
and the %-in. plates of steel 149 are two exceptions which have a 
decrease of weighted rank after normalizing. The Y 2 - and %-in. 
plates of steel 149 increased less in rating after normalizing than the 
average for the other steels. The fact that for each size of this steel 
the improvement of weighted rating on normalized plates was less 
than for the other steels tested (one thickness actually showed a 
decrease) substantiates the finding, previously discussed, that the 
average rating for all sizes combined showed a very low increase on 
normalizing, and indicates that this was inherent in the steel itself 
and was not a function of size or an accidental fluctuation. From 
table 2, it is noted that the physical properties of this steel were very 
similar in both the as-rolled and normalized conditions, indicating 
that this steel may have been normalized at the mill prior to shipment. 

The normalized %-in. plates of steel 139 had lower ratings than the 
as-rolled plates, while the normalized Yr and %-in. plates had con- 
siderably higher ratings. This would indicate that the behavior of 
the %-in. plates was abnormal. 

Figure 22 also shows the ratings of the steels, based on the average 
angle at maximum load and on the percentage of plate failures. The 
scale for the rating on the basis of percentage of plate failures is 
reversed, so that the steels in which there were few plate failures 
appear near the tops of the columns. These ratings serve as a check 
on the validity of the ratings based on the weighted rank. The 
relative order of the steels (reading from top to bottom in the columns) 
and the curves indicating the changes of rating with size and with 
normalizing are about the same in all sections of the figure. A study 
of the curves and of the relative order of the steels shows that, while 
the ratings based on the average angle at maximum load and on the 
percentage of plate failures, respectively, do not agree in every detail, 
there is substantial evidence that a close relation exists between the 
angle at maximum load and the number of plate failures. 

Plate failures had more effect on the angles at maximum load than 
bond or weld failures because: first, bond failures were residual failures 
which usually occurred at angles greater than the normal angle at 
maximum load; and, second, the cross section of the specimen was 
not reduced to any great extent, although the reinforcing effect of the 
weld fillet was partially eliminated. 

The ratings based on the weighted rank arc weighted averages of 
all of the measurements obtained in the tests. The weights, shown in 
the heading of the upper section of figure 22, were arbitrarily assigned 
for reasons previously discussed. Since the largest weights were 
given to the angle at maximum load and to the deviations below 60°, 
the ratings based on the weighted rank should agree closely with the 
ratings based on this angle. This is evident in the two upper sections 
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of figure 22. Differences may be explained as the effect of the plate 
failures on the weighted rating, as shown in the lower section of the 
figure. The other factors in the weighted rating, namely, all failures 
(including plate failures and bond failures), and maximum load, were 
given small weights, and their effect on the weighted rank is almost 
negligible, as can be seen by comparing the three methods of rating 
shown in figure 22. 

A brief summary, using the order numbers, which is based on all 
five factors and all thicknesses, is given in table 16. 

Table 16. — Order numbers of welded steels 





Steel number 


Order number 


As-rolled 


Normalized 




Room 
tempera- 
ture 


All 
tempera- 
tures 


Room 
tempera- 
ture 


All 

tempera- 
tures 


1 


146 
139 
149 
147 
150 
144 


146 
147 
149 
150 
139 
144 


149 
144 
147 
150 
146 
139 


146 


2 ___ 


147 


3 


150 


4 


139 


5 .__ _ 


144 


6 


149 







Steel 146 was first for all conditions except when welded and tested 
in the normalized condition at room temperature, where its order was 
fifth. However, a further analysis indicated that values of total 
weighted rank of this steel did not decrease under these conditions, 
but were approximately the same. However, the welding quality of 
other steels, notably 144, was appreciably improved if the plates were 
welded in the normalized condition. It would appear therefore that 
the welding quality of steel 144 was appreciably influenced by nor- 
malizing. Evidence of this is shown in figures 23 and 24, photographs 
of %-in. plates welded and tested at room temperature in the as-rolled 
and normalized conditions, respectively. When tested in the as-rolled 
condition, all specimens failed in the plate metal (four type III 
fractures), with sharp reports. The average angle at maximum load 
was 56°. Specimens from the plate normalized before welding bent 
to the limit of the jig without failure and with an average angle of 68°. 

Summarizing, for all tests the order was as follows: 146, 147, 149, 
150, 139, 144. 

To determine whether changing the method of weighting would 
appreciably affect the relative order of these steels, other methods of 
weighting are compared in table 17, together with a summary of the 
weighted rank, by sizes for each of the methods of weighting. 

It is evident that the method of weighting has little effect on order 
numbers in corresponding positions in the different sections of the 
table. In only one case is the order number changed by more than 
two places; and in all cases except one, the highest and the lowest 
order numbers occupy the same position. Three of these four methods 
are compared graphically in figure 22. 
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Figure 23 — Steel 144, x Arin. plates, welded as rolled. 
Sharp fractures in the plate metals. Average angle at maximum load, 56°, 
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Figure 24 — Steel lUi )i-™- plates, welded after normalizing treatment 
No failures. Average angle at maximum load, 68°. 
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Table 17. — Comparison of weighted rank by sizes, for various methods of weighting 

[Steels welded and tested at all temperatures] 



Steel 




H in. 


H in. 


Uin. 


As rolled 


Normalized 


AR&NComb. 




AR 


N 


AR 


N 


AR 


N 


Total 


Order 


Total 


Order 


Total 


Order 


TOTAL WEIGHTED RANK 
(Weights: Angle 3, Deviation 3, Plate Failures 2, All Failures 1, Max. Load 1) 



139 

144 

146 

147 

149 

150 

Total. 
Order 



350 
3 



293 
4 



378 
1 



279 
5 



351 
2 



111 
83 

204 
146 
142 
120 



806 



174 
177 
217 
189 
144 
178 



1,079 



285 
260 
421 
335 



RANK FOR ANGLE, DEVIATION, AND PLATE FAILURES ONLY 
(Equal Weights) 



139 


10 
1 
23 
14 
11 
8 


21 
16 
25 
21 
9 
19 


5 
11 
22 
18 
16 
19 


16 
19 
24 
23 
17 
21 


18 
6 
19 
11 
14 
10 


18 
19 
20 
16 
16 
18 


33 
18 
64 
43 
41 
37 


5 
6 
1 
2 
3 
4 


55 
54 
69 
60 
42 
58 


4 

i 

2 
6 
3 


88 
72 
133 
103 
83 
95 


4 


144 


6 


146 


1 


147 


2 


149 

150... 


5 
3 






Total 

Order 


67 
6 


111 
2 


91 
4 


120 
1 


78 
5 


107 
3 


236 




338 




574 



















AVERAGE ANGLE AT MAXIMUM LOAD (Unweighted) 



139 


59x 
52 
65 
62 
59x 
57 


66 
61 
66 

64 
58x 
62 


56x 

60 

68 

64 

63 

62 


65x 
66 
68 
68 
64 
64 


63x 

54 

64 

60 

59 

58 


63 
61 
64 
62 
60 
62 


59.3 
55.3 
65.7 
62.0 
60.3 
59.0 


4 
6 
1 
2 
3 
5 


64.7 
62.7 
66.0 
64.7 
60.7 
62.7 


3 
5 
1 

2 
6 
4 


62.0 
59.0 
65.8 
63.3 
60.5 
60.8 


3 


144 


6 


146 


1 


147 


2 


149 


5 


150 


4 


Ave 


590 
6 


628 
2 


622 
3 


658 

1 


597 
5 


620 
4 


60.3 




63.6 




61.9 




Order 



















PERCENT PLATE FAILURES (Unweighted) 



139 


98 
100 
25 
97 
96x 
94 


46 
65 
3 
31 
83x 
26 


96 
99 
46 
57 
72 
28 


74 
69 
28 
34 
57 
24 


57 
81 
57 
93 
66 
84 


53 
32 

45 
75 
56 
44 


84 
93 
42 
82 

77 
69 


5 
6 
1 
4 
3 
2 


57 
55 
25 
47 
64 
31 


5 
4 
1 
3 
6 
2 


71 
74 
34 

64 
72 
50 


4 


144 

146 . .. 


6 
1 


147 

149 

160 


3 
5 
2 


Ave 


85 
6 


42 
1 


66 
4 


48 
2 


73 
5 


51 
3 


75 




47 




61 




Order 



















The relations between the weighted ranks and the tensile properties 
of the steels are shown in figure 25. At the top and bottom of the 
chart the steel numbers, in both conditions, are plotted against the 
weighted rank for each size. 

There was no definite correlation between weighted rank and the 
yield point or the ultimate strength. The weighted ranks were ap- 
parently higher in steels with lower strengths, due largely to the 
abnormally high values of yield points and ultimate strengths for steel 
144, which were imparted by a low finishing temperature in rolling. 
With the elimination of these values from consideration in the as- 
rolled plates, there was practically no correlation in this condition. 
In the normalized condition, there was no relationship whatsoever. 
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Also there was no definite correlation between the weighted rank 
and the elongation. For %-in. as-rolled plates, in general, the steels 
having the highest weighted rank had high values of elongation. 
However, this relationship did not exist in normalized %-in. plates, or 
in any of the %- or %-in. plates. 

The relations of angle at maximum load to the tensile properties are 
shown in figure 26. As explained previously, the angle at maximum 
load was assigned the greatest weight and dominates the weighted 
rank values. The curves in figure 26 follow very closely those of 
figure 25, and no good relationship was found between the angle at 
maximum load and the tensile properties for any of the plates. 
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Figure 25. — Relation of weighted rank to tensile 'properties. 



Because failures in the plates were considered undesirable, it was 
deemed advisable to determine whether any of the tensile properties 
influenced the location of the failures. The relation between the 
percentage of plate failures and the tensile properties is shown in 
figure 27. It should be noted that the scale is reversed, so that steels 
with the least percentage of failures (considered the most desirable) 
are placed at the right. It is evident that there is no definite correla- 
tion between the percentage of plate failures and any of the tensile 
properties. 

There was an apparent correlation between weighted rank and 
Vickers numbers of the unwelded plates in the as-rolled #-in. thickness 



Tee-Bend Test for Welding Quality of Steels 



39 



(fig. 28). There was no correlation for the normalized M-in. plates 
nor for any of the other thicknesses. There is no correlation between 
the weighted rank and either the highest Vickers numbers or increase 
in Vickers numbers. The numbers for the unwelded plates lie within 
a rather narrow range (145 to 180), most of them between 150 and 170. 
After welding, none of the Vickers numbers were high — the greatest 
increase in as-rolled plates being 100 in steel 144 (%-in. thickness) and 
in the normalized plates about 115 in steel 147 (K-in. thickness). 
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Figure 26. — Relation of angle at maximum load to tensile properties. 



The relations between angles at maximum loads and Vickers 
numbers are shown in figure 29. It is evident that there was no good 
correlation in either rolled or normalized conditions. 

The relations between the percentage of plate failures and Vickers 
numbers are shown in figure 30. There was no correlation in any 
thickness or condition. 

Figures 31, 32, and 33 show, respectively, the relation of weighted 
rank, angle at maximum load, and percentage of plate failures to the 
chemical compositions of the plates. The percentage by weight of 
each of the 10 elements listed in the first column of each chart is shown 
for each steel and thickness. The chemical compositions of the 
as-rolled and normalized steels are the same, since they were taken 
from the same original plate, but the as-rolled and normalized steels 
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Figure 28. — Relation of weighted rank to Vickers numbers. 
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Figure 29. — Relation of angle at maximum load to Vickers numbers. 
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Figure 30. — Relation of percentage of plate failures to Vickers numbers. 
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are plotted separately to show the relation of chemical compositions 
to the ratings for both conditions of treatment. It will be noted also 
that the compositions for the different sizes of the various steels were 
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Fig. 31. — Relation of weighted ranks to chemical compositions of plate metals. 



not always the same, because the plates of different sizes were prob- 
ably furnished from different heats. 

It is difficult to draw definite conclusions on the effect of each 
chemical element. In some steels certain elements were found only 
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in small or insignificant amounts; in others, the effect of one element 
was offset or masked by one or more other elements which might have 
had an appreciable influence on the wcldability of a steel. The 
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metals. 

results for some steels in the normalized condition were widely different 
from those obtained on the same steel in the as-rolled condition, 
making it difficult to ascribe inferior bending properties or location 
of failure to a particular element. The effects of these elements are 
summarized below. 
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1. Carbon. — The range of carbon was 0.10 to 0.20 percent. In 
the as-rolled condition, the steels having less than 0.15 percent of 
carbon had greater angles of bend and higher weighted ranks than 
those having more carbon. In the normalized condition, the carbon 



PLATE SIZE 



% PLATE FAILURES I 100 



TIT 

581 



STEEL NUMBER 
a CONDITION 



S\7^ T 



I HI I MV A 
ISM I '-W S/ 




••AS ROLLED 
— - ONORMALIZED 



kt 



•~-o-o-. 





PHOSPHORUS 









\ 



V 








o— »--«oo— 6 b 



L 




STEEL NUMBER 
8 CONDITION 



sag t, j^ 



"5 Z 

y ,t , Ty°, 



££\T 



% PLATE FAILURES 



IOO 80 60 40 20 100 



60 40 20 100 80 60 40 20 



PLATE SIZE 



Fig. 33. 



-Relation of percentage of plate failures to chemical compositions of 
metals. 



plate 



had no appreciable effect on the angle of bend or the weighted rank. 
Carbon had no effect on the number of plate failures. 

2. Manganese. — The manganese did not exceed 0.70 percent except 
in steel 144, which in the as-rolled condition had the greatest number 
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of plate failures, the lowest angles of bend, and the lowest weighted 
ranks of any steel. 

This steel was very "dirty," containing many inclusions of man- 
ganese sulfide. Usually dirty steels have poor welding quality be- 
cause of discontinuities at the inclusions, which decrease the ductility, 
especially transversely, and prevent good cohesion between the weld 
metal and the plate metal. These effects are greater if the steel has 
been finish-rolled at low temperatures to increase the tensile properties. 

It is evident from figures 31, 32, and 33 that as the amount of man- 
ganese is greater the angle of bend and the weighted rank are less and 
the number of plate failures is greater. This effect is less marked in 
the normalized condition. 

3. Phosphorus was an alloying element in one steel, 149. Although 
the angles of bend and weighted rank were good, there were many 
plate failures. 

4. Sulfur was present from 0.019 to 0.044 percent and in this range 
had no appreciable effect on the welding quality. 

5. Silicon between 0.14 and 0.21 percent had no appreciable effect 
on the welding quality. 

6. Nickel in alloying amounts was present in four of the six steels, 
ranging from 0.60 to 2.32 percent. Some steels with appreciable 
amounts of nickel had high weighted ranks and high angles of bend, 
others had low values. Nickel did not have an appreciable effect- 
on the bending properties of the steels. Other elements in these 
steels had as much or more effect on these properties than nickel in 
the range of compositions investigated. 

7. Chromium was present in such small amounts that no conclusions 
could be drawn as to its effect on the welding quality. 

8. Copper in amounts of 1 percent or more was present in three 
steels, all of which contained nickel, and one of which, 149, con- 
tained about 0.12 percent of phosphorus. For steels 146 and 147 in 
the as-rolled condition the angles of bend and weighted ranks were 
good, but they were slightly low for steel 149. Steel 146 had the 
lowest percentage of plate failures of the as-rolled steels, while steels 
147 and 149 had high percentages. In the normalized condition, 
steels 146 and 149 had about the same values of weighted rank and 
angles at maximum load as in the rolled condition, and steel 147 had 
considerably higher values. All steels had somewhat lower per- 
centages of plate failures in the normalized condition than in the 
rolled condition. The high-copper steels containing nickel con- 
sistently had high values of weighted ranks and angles at maximum 
loads. Copper-nickel steels had good bending properties after weld- 
ing. Steel 149, containing 0.12 percent of phosphorus and 0.60 
percent of nickel, had bending properties somewhat inferior to 
steels 146 and 147, containing normal phosphorus, 1.00 percent of 
nickel, and 2.00 percent of copper. 

9. Molybdenum. — Only one steel contained molybdenum. This 
steel also contained approximately 2 percent of nickel. In the 
as-rolled condition the weighted ranks and angles at maximum load 
were low and the percentages of plate failures high. In the normalized 
condition the bending properties were improved considerably and the 
steel was satisfactory as to welding quality. 

10. Vanadium, was found in only one steel, 144. In the as-rolled 
condition, there were many plate failures ana the angles and weighted 
ranks were low. In the normalized condition, however, there were 
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fewer plate failures; the angle of bend and the weighted ranks were 
high. The effect of vanadium may have been masked by the high 
manganese content. It is believed from previous tests that vanadium 
is beneficial in medium manganese steels. 

VI. PARTIALLY COMPLETED TESTS 

In addition to the six steels which were investigated completely 
under all of the proposed conditions of welding and testing, several 
other steels were investigated only in part. The complete program of 
bending 408 specimens for each steel required considerable time; 
therefore if bending tests at room temperature indicated that the 
welding quality of a steel was poor, no tests were made at low tem- 
peratures. 

For some steels only sufficient material was furnished for the tests 
at room temperature and for others only the %- and %-in. plates were 
submitted. 

The reasons for not making all of the tests are as follows: 

Steel Reason for not making all of the tests 

138 Failure to comply with requirements for tensile properties, 

type II fractures. 
140 Failure to comply with requirements for tensile properties, 

type III fractures. 
141 Failure to comply with requirements for tensile properties, 

low bending angle, type III fractures. 

143 Low angle of bend, type III fractures. 

145 Laminated plates, low angle of bend,, type III fractures. 

148 Low angle of bend, type III fractures. 

157 Laminated plates, low angle of bend, tvpe III fractures. 

161 Type III fractures. 

J 63 No %-in. plates, low angle of bend, type II fractures. 

166 No %-in. plates. Failure to comply with requirements for 

tensile properties. 

168 No Ji-in. plates. 

201 No %-in. plates. Low bending angle, type II fractures. 

The weighted ranks and order number of all specimens tested at 
room temperature are given in table 18. 

Table 18. — Total weighted rank 
[Specimens welded and tested at room temperature] 
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It is believed that to be satisfactory for welding, a steel should have 
a weighted rank of 50 in each thickness, one-half of the possible 
maximum weighted rank. 

Steels 138, 139, 146, 166, ajid 168 in the as-rolled condition were the 
only ones which complied with this requirement. The weighted 
ranks of steels 147 and 149 had slightly low values for the }i-m. plate 
thicknesses. Steel 141 had a value of only 5 in the K-in. thickness. 
All other steels had low values in two or more thicknesses except 
steels 140 and 201, in which data were available for two thicknesses 
only. 

The order numbers indicate the relative welding qualities of the 
steels in a manner similar to that of table 16. Two steels, 168 and 
166, had higher ranks than steel 146, but these were not submitted in 
three plate thicknesses. Steel 166 also had low tensile strength. 

For the normalized condition the weighted ranks were considerably 
higher than for the as-rolled condition. All steels had values of 50 
or more in this condition except 145 (%-in.), 148 (K-, K-, and %-in.), 157 
(K-in.), 163 (%~ and frm.), and 201 (%-in.). 

Normalizing greatly increased the welding quality of steels 144, 
150, and 157. For steel 157 the weighted ranks for the %-, }i-, and 
%-in. plates as-rolled were 5, 7, and 9, and after normalizing were 
29, 54, and 72, respectively. The tensile strength of this steel was 
about 85,000 lb/in. 2 in the rolled condition and only about 64,000 
lb/in. 2 in the normalized condition, indicating that a considerable 
increase in tensile strength had taken place as a result of rolling. 
This is reflected in the low weighted rank values in the rolled condition. 

Steel 144, the Navy Department's standard for construction pur- 
poses, likewise had low weighted ranks in the as-rolled condition — 
51, 28, and 20 for the three thicknesses. The corresponding weighted 
ranks for normalized plates were 96, 90, and 58. The steel also had 
been cold-finished in rolling to obtain high tensile strengths. 

It should be stated at this point that, although the manganese 
vanadium steel (144) does not show to particular advantage when 
compared with certain other steels in this method of determining 
welding quality, the use of this type of steel in naval construction 
should not, in the opinion of the authors, be discontinued on this basis 
alone. Experience has shown that manganese vanadium steel is 
reasonably satisfactory in actual use and that its quality has improved 
constantly during the period of about 7 years that it has been employed. 
It is not considered advisable to embark on the extensive use of an- 
other type of steel until it is possible to conduct further experimentation 
at full scale, such as the construction of several vessels, to prove the 
actual advantages of those steels winch show to better advantage in 
the present test. Current conditions preclude such experimentation, 
but it is hoped that after the present emergency such work may be 
undertaken. 

Of like interest is the inconsequential improvement of steel 148. 
This steel was extremely dirty (fig. 1), to which poor welding quality 
was ascribed. Welding quality was not improved to any appreciable 
extent by normalizing, the weighted rank of the normalized specimens 
being far below that desired for weldable steels. This steel had the 
second lowest order in the as-rolled condition and the lowest in the 
normalized condition. 

431173—42 4 
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From most of the tests, steels which had been rolled at low tempera- 
tures in order to procure increased tensile strength generally had poor 
bending properties in the T-bend test. Many of these steels had 
considerably improved bending properties when the plates were nor- 
malized before welding. 

Most excessively dirty or laminated steels did not have good bending 
properties. Such steels cannot be improved materially by normaliz- 
ing, since nonmetallic inclusions cannot be eliminated or reduced by 
heat treatment. 

VII. TESTS OF CAST AND WELDED FILLETS 

A simple demonstration was made to show that the results of the 
T-bend test depended not on the size and shape of the specimen but 
on the effect of welding on the plate metal. Several cast-to-shape 
specimens were prepared from steels of different carbon contents; 
some were cast T-specimens with fillets; others were T-specimens 
without fillets, which later were welded in the same manner as the 
other T-specimens. 

The specimens with and without fillets were poured adjacent to 
each other in the same mold and from the same molten metal, so that 
variables were a minimum. All specimens were normalized at 
1,650° F before the fillets were welded. Specimens with cast fillets 
had bending properties superior to those of specimens with welded 
fillets. Examples of specimens of 0.10-percent-carbon steel are shown 
in figure 34. The specimen at the top with cast fillets had an angle 
of 66° at maximum load and bent to 120° without failure. The 
specimen at the bottom with welded fillets had an angle of 52° at 
maximum load and bent only to 63° before failure in the plate with 
a sharp report (type III fracture). 

Similar tests made on specimens of 0.20-, 0.30-, 0.40-, and 0.50- 
percent-carbon steels gave similar results. Specimens with welded 
fillets, normalized after welding, had bending properties similar to 
those for specimens with cast fillets. 

VIII. TESTS OF SPECIMENS OF VARIOUS WIDTHS 

The nominal width of specimens was 1%-in. To determine whether 
variations in this width would cause appreciable differences in bending 
properties, specimens of widths ranging from J£- to 1%-in. were 
machined from the same welded joints in }{-m. plates and tested. 

Maximum loads were less for narrow specimens and higher for 
wider specimens than for those of nominal width. This was due 
primarily to the mass of metal in the joint, as previously discussed. 

In the range from about %- to lK-in., the angles of bending were not 
affected to any appreciable extent, all values falling within the usual 
scatter of the nominal size specimens. Specimens %-in. or less in 
width bent with slightly larger angles than normal, caused probably 
by edge effect. Specimens wider than l^-in. could not be tested 
because of the limitations of the jig. 

The type of fracture was the same regardless of width. It was not 
possible to change the type of fracture of the nominal width specimen 
from sharp (type III) to gradual (type II) or from plate (types II 
and III) to bond or weld (type I), or vice versa, by either increasing 
or decreasing the width of the specimen. 
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Figure 34. — Cast and welded fillets tested in J -bend jig. 
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The results of these tests indicate that minor departures from 
nominal widths, such as might be caused in the machining of speci- 
mens, had no appreciable effect on either the angle of bend or the 
type of fracture. 

IX. SUMMARY 

A method for testing the welding quality of steels has been describ- 
ed. Specimens of double fillet-welded T-sections were bent in a 
special bending jig. 

Eighteen steels, generally in three thicknesses, %-, %-, and %-in., 
and in two conditions, as-rolled and normalized, were tested. Some 
specimens were welded when the plates were at room temperature, 
others were made when the plates were at subnormal temperature as 
low as —20° F. Bend tests were made on these specimens at tempera- 
tures ranging from 70° to —20° F. 

The angle of bend at maximum load and the type of fracture were 
the principal factors in determining welding quality. 

A special method of analysis was used to evaluate the data. 

No good correlation was found between any of the usual tensile 
properties or Vickers numbers of the steels and weldability ; therefore 
they cannot be used for determining the welding quality. 

Usually normalized plates had higher welding quality than the as- 
rolled plates of the same steels, due probably to relief of stresses set 
up during rolling and to a more homogeneous structure of the metal. 

Most "dirty" steels had lower welding quality than clean steels. 

Austenitic grain size and grain-coarsening temperatures apparently 
had little effect on welding quality. 

Steels containing nickel and copper had the highest welding qualities 
of the steels tested, while those containing more than 0.70 percent of 
manganese had the lowest welding quality. Phosphorus greater than 
0.10 percent also is believed to contribute to low welding quality in 
steels. 

Plates welded at low temperatures had lower angles of bend and 
more plate metal failures than those welded at room temperature. 
The temperature of testing apparently had more effect on the angle 
of bend and plate metal failures than the temperature of the plates 
when welding was begun. 

This bend test provides a reliable means for determining the weld- 
ing quality of steels. A structural weld is tested without machining 
the surface, leaving the welds intact as deposited. The reproduc- 
ibility of results of duplicate specimens is excellent. The angle of 
bending and the kind, extent, and location of the fractures are im- 
portant criteria of the welding quality of steels and not a function 
of the shape of the specimen. 

The views expressed in the foregoing paper are the personal opin- 
ions of the authors, and in no way express the opinions of the Navy 
Department and the National Bureau of Standards. 
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